




SELF-IMMOBILIZED, CROSS-LINKED ENZYME 
AGGREGATES (CLEAs) FOR BIOCATALYSIS 
 
 













SELF-IMMOBILIZED, CROSS-LINKED ENZYME 
AGGREGATES (CLEAs) FOR BIOCATALYSIS 
 
 
NGUYEN LE TRUC 
(B. Eng. (Hons.), HCMUT) 
A THESIS SUBMITTED FOR THE DEGREE OF  
DOCTOR OF PHILOSOPHY 
DEPARTMENT OF  
CHEMICAL AND BIOMOLECULAR ENGINEERING  









Associate Professor Yang Kun-Lin 
Examiner: 
Professor Wang Chi-Hwa 
Associate Professor Xie Jianping 





I hereby declare that this thesis is my original work and it has been written by 
me in its entirety. I have duly acknowledged all the sources of information 
which have been used in the thesis.  




NGUYEN LE TRUC 
13
th






First and foremost, I would like to express my sincere gratitude to my 
supervisor, Dr. Yang Kun-Lin, for his guidance and encouragement. His 
patience, enthusiasm, advice and suggestions are the motivations for me to 
overcome various challenges in graduate studies. I am grateful to Dr. Saif A. 
Khan for his valuable suggestions and comments on my research works. 
I am grateful for the graduate student research scholarship from National 
University of Singapore (NUS) with support from AUN/SEED-net.  
I would like to express my appreciation to all members in Dr. Yang’s research 
group for their constructive discussions and continuous supports, especially 
Dr. Gobinath Rajagopalan, Dr. Laura Surtalie, Dr. Zhu Qingdi, Dr. Seow 
Nianjia, Dr. Ho Wing Fat, Dr. Ong Lian Hao, Dr. Seow Nianjia, Dr. Kung Yi, 
Dr. Ng Choong Hey and Ms Liu Yanyang. I would like to thank laboratory 
officers for their assistance in various matters, especially Mr Liu Zhicheng and 
Ms Lim Kwee Mei. Many thanks to my enthusiastic friends, Quynh Ngoc, 
Nhung Tran, Van Anh, Mai Trang and Ngoc Thanh, for their feedbacks, joyful 
moments and consecutive help for the last 10 years. I am indebted to all my 
friends who have supported me over the last few years: Eunice Yeap, An Tran, 
Le Duy Khanh, Kieu Thanh, Truong Khanh, Thuan Pham, Thanh Huyen, Vy 
Khanh, and Quoc Phong.  
Furthermore, I would like to express my deepest gratitude to my parents and 
my brother for their understanding, motivation and encouraging through my 
PhD candidature. Finally, I thank my husband, Nguong Phuc for his patience, 
continuous supports and encouragements. 
v 
 
TABLE OF CONTENTS 
ACKNOWLEDGEMENTS .............................................................................. iv 
TABLE OF CONTENTS ................................................................................... v 
SUMMARY ...................................................................................................... ix 
LIST OF TABLES ............................................................................................. x 
LIST OF FIGURES .......................................................................................... xi 
LIST OF SCHEMES........................................................................................ xv 
LIST OF ABBREVIATIONS ......................................................................... xvi 
LIST OF SYMBOLS ................................................................................... xviii 
CHAPTER 1 INTRODUCTION ....................................................................... 1 
1.1 Formation of cross-linked enzymes aggregates ....................................... 2 
1.2 Collection of CLEAs................................................................................ 3 
1.3 Combined cross-linked enzyme aggregates (combi-CLEA) ................... 4 
1.4 Objectives ................................................................................................ 5 
CHAPTER 2 LITERATURE REVIEW ............................................................ 8 
2.1 Introduction .............................................................................................. 8 
2.2 Cross-linked enzyme aggregates (CLEAs) .............................................. 9 
2.3 Optimization of CLEAs ......................................................................... 12 
2.3.1 Effects of precipitants ..................................................................... 13 
2.3.2 Effects of cross-linkers and cross-linking time ............................... 20 
2.4 Characterization of cross-linked enzyme aggregates ............................. 22 
2.4.1 Enhancement of enzyme’s operation stability ................................ 22 
2.4.2 Enhancement of enzyme’s storage stability and reusability ........... 24 
2.4.3 Size and morphology of CLEAs ..................................................... 25 
2.5 CLEAs with multiple enzymes .............................................................. 27 
2.6 Millifluidic reactor for enzyme technology ........................................... 29 
2.7 Immobilization of CLEAs on solid carriers ........................................... 31 
2.8 CLEAs in the continuous process .......................................................... 32 
2.9 Summary ................................................................................................ 34 
CHAPTER 3 UNIFORM CROSS-LINKED CELLULASE AGGREGATES 
PREPARED IN MILLIFLUIDIC REACTORS .............................................. 35 
3.1. Introduction ........................................................................................... 35 
3.2. Experimental ......................................................................................... 38 
3.2.1 Materials ......................................................................................... 38 
3.2.2 Preparation of XCA using a millifluidic reactor ............................. 38 
3.2.3 Surface modification of silica gel ................................................... 40 
vi 
 
3.2.4 Bradford assay ................................................................................ 40 
3.2.5 DNS assay ....................................................................................... 41 
3.2.6 Characterization of Particles ........................................................... 41 
3.2.7 Enzymatic hydrolysis of CMC........................................................ 42 
3.2.8 Reusability of XCA-Si .................................................................... 42 
3.3. Results and discussions ......................................................................... 43 
3.3.1 Formation of XCA colloids using millifluidic reactors .................. 43 
3.3.2 Effect of acetonitrile concentration ................................................. 45 
3.3.3 Effect of glutaraldehyde concentration ........................................... 46 
3.3.4 Effect of flow rate of organic solvent (Q2) ..................................... 48 
3.3.5 Enzyme Activity at different pH and temperature .......................... 50 
3.3.6 Reusability of XCA-Si .................................................................... 52 
3.4. Conclusion ............................................................................................ 53 
CHAPTER 4 CONTINUOUS HYDROLYSIS OF CARBOXYMETHYL 
CELLULOSE WITH CELLULASE AGGREGATES TRAPPED INSIDE 
MEMBRANES ................................................................................................ 55 
4.1. Introduction ........................................................................................... 55 
4.2. Experimental ......................................................................................... 58 
4.2.1 Materials ......................................................................................... 58 
4.2.2 Trapping XCA colloids inside PES membranes ............................. 59 
4.2.3 Bradford assay ................................................................................ 60 
4.2.4 DNS assay ....................................................................................... 60 
4.2.5 Enzymatic hydrolysis of CMC........................................................ 61 
4.2.6 Long-term stability of XCA colloids .............................................. 62 
4.2.7 Scanning electron microscopy (SEM) ............................................ 62 
4.3. Results and discussions ......................................................................... 62 
4.3.1 Collection of XCA colloids on PES membranes ............................ 62 
4.3.2 Hydrolysis of CMC by using XCA colloids ................................... 64 
4.3.3 Effect of flow rate ........................................................................... 66 
4.3.4 Effect of substrate concentration .................................................... 68 
4.3.5 Stability of XCA ............................................................................. 69 
4.4. Conclusion ............................................................................................ 70 
CHAPTER 5 ENTRAPMENT OF CROSS-LINKED CELLULASE 
COLLOIDS IN ALGINATE BEADS FOR HYDROLYSIS OF CELLULOSE
.......................................................................................................................... 71 
5.1. Introduction ........................................................................................... 71 
5.2. Experimental ......................................................................................... 75 
5.2.1 Materials ......................................................................................... 75 
vii 
 
5.2.2 Formation and immobilization of XCA colloids ............................ 76 
5.2.3 Enzymatic hydrolysis of cellulose .................................................. 77 
5.2.4 Bradford assay ................................................................................ 78 
5.2.5 DNS assay ....................................................................................... 78 
5.2.6 Stability of Immobilized Enzymes in Alginate Beads .................... 79 
5.2.7 Leaching test ................................................................................... 79 
5.2.8 Characterization of XCA colloids ................................................... 80 
5.3. Results and discussions ......................................................................... 80 
5.3.1 Immobilization of XCA colloids in alginate beads......................... 80 
5.3.2 Hydrolysis of CMC ......................................................................... 82 
5.3.3 Optimization of Alginate Beads...................................................... 84 
5.3.4 Kinetic study ................................................................................... 86 
5.3.5 Hydrolysis of cellulosic substrates.................................................. 88 
5.3.6 Thermal stability ............................................................................. 90 
5.4. Conclusion ............................................................................................ 91 
CHAPTER 6 HOLLOW CROSS-LINKED ENZYME AGGREGATES (h-
CLEA) OF LACCASE WITH HIGH UNIFORMITY AND ACTIVITY ...... 92 
6.1. Introduction ........................................................................................... 92 
6.2. Experimental ......................................................................................... 95 
6.2.1. Materials ........................................................................................ 95 
6.2.2. Preparation of h-CLEA laccase using millifluidic reactors ........... 96 
6.2.3. Characterization of CLEA laccase ................................................. 96 
6.2.4. ABTS assay for laccase activity .................................................... 97 
6.2.5. Degradation of trypan blue ............................................................ 98 
6.3. Results and Discussions ........................................................................ 99 
6.3.1. Formation of h-CLEA laccase in a Millifluidic Reactor ............... 99 
6.3.2. Characterization of h-CLEA laccase ........................................... 102 
6.3.3. Effect of pH and temperature ....................................................... 106 
6.3.4. Degradation of trypan blue by using h-CLEA laccase ................ 108 
6.4. Conclusion .......................................................................................... 111 
CHAPTER 7 COMBINED CROSS-LINKED ENZYME AGGREGATES OF 
HORSERADISH PEROXIDASE AND GLUCOSE OXIDASE FOR 
CATALYZING CASCADE CHEMICAL REACTIONS ............................. 112 
7.1. Introduction ......................................................................................... 112 
7.2. Experimental ....................................................................................... 116 
7.2.1 Materials ....................................................................................... 116 
7.2.2 Formation of combi-CLEA using millifluidic reactor .................. 117 
7.2.3 Enzymatic Assays ......................................................................... 118 
viii 
 
7.2.4 Characterization of combi-CLEA ................................................. 119 
7.2.5 Detection of glucose ..................................................................... 120 
7.3. Results and discussions ....................................................................... 121 
7.3.1 Effect of catalase on hydrogen peroxide in a cascade reaction .... 121 
7.3.2 Formation of combi-CLEA of GOx and HRP .............................. 124 
7.3.3 Effect of catalase on combi-CLEA of GOx-HRP’s cascade reaction
................................................................................................................ 128 
7.3.4 Kinetic studies ............................................................................... 130 
7.3.5 Detecting glucose by combi-CLEA .............................................. 132 
7.4. Conclusion .......................................................................................... 134 
CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS .................. 136 
8.1 Conclusions .......................................................................................... 136 
8.2 Recommendations ................................................................................ 140 
8.2.1 Preparation of CLEAs using crude enzymes ................................ 140 
8.2.2 Cross-linked laccase aggregate as enzyme sensors for phenolic 
compounds in wastewater ...................................................................... 141 
8.2.3 Cross-linked laccase for eliminating phenolic compounds in 
wastewater.............................................................................................. 142 
REFERENCES .............................................................................................. 144 




Enzymes have many advantages over inorganic catalysts but they are very 
sensitive to temperature and pH. In this study, we show that enzymes can be 
immobilized as cross-linked enzyme aggregates (CLEAs) without using any 
solid carriers to improve their stability. Firstly, millifluidic reactors with two 
laminar flows of an enzyme solution and an organic solvent were employed to 
prepare uniform CLEAs of cellulase and laccase. CLEA cellulase had a size 
between 200 and 400 nm and were highly uniform. They can be collected on 
silica gels or entrapped in a membrane as practical biocatalysts to hydrolyze 
cellulose with an activity up to 86% of the free cellulase. Because of their 
large size, CLEA can also be encapsulated in calcium alginate beads without 
any leaching problems. These features allowed CLEA cellulase to be reused 
and recycled up to 10 times for hydrolysis of cellulose. Similarly, h-CLEA 
laccase were prepared and entrapped in a membrane for oxidization of 
phenolic compounds. Trypan blue, a dye molecule, can be degraded by using 
membrane-bound CLEA continuously for 96 h. Finally, glucose oxidase 
(GOx) and horseradish peroxidase (HRP) were co-immobilized as combi-
CLEA by using a coaxial flow millifluidic reactor. The combi-CLEA was used 
to catalyze cascade chemical reactions and minimize the decomposition of 
hydrogen peroxide in the presence of catalase. As a result, the overall reaction 
rate increased by 14 times compared to free enzyme mixtures in the presence 
of 6.3 mM of catalase. The combi-CLEA was further exploited to develop 
colorimetric glucose assays with a limit of detection of 0.5 mM and a linear 
range up to 27.8 mM. In the future, millifluidic reactors can be used to prepare 
CLEAs with tunable sizes and properties for various industrial applications. 
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CHAPTER 1 INTRODUCTION 
 
Traditional methods for enzyme immobilization often require solid carriers 
which inevitably reduce enzyme activity and density. Recently, enzyme self-
immobilization methods which do not require any solid carriers were reported. 
Among them, cross-linked enzyme aggregates (CLEAs) attract much attention 
in recent years due to their simplicity and high activity [1, 2]. To form CLEAs, 
organic solvents or inorganic salts can be added to solutions of crude enzymes, 
allowing them to precipitate and form solid aggregates. Subsequently, these 
solid aggregates are cross-linked by using bifunctional linkers such as 
glutaraldehyde to stabilize the aggregates. The enzyme aggregates which have 
been cross-linked are known as CLEAs. They are insoluble in water and can 
be recycled after chemical reactions, similar to enzymes immobilized on solid 
carriers. CLEAs usually show higher activity than enzymes immobilized on 
solid carriers because enzymes can maintain their native structures inside 
CLEAs [2]. Several studies also show that CLEAs remain active in organic 
solvents which inhibit native enzymes. An example is CLEA penicillin G 
acylases which were used for the synthesis of ampicillin in acetonitrile [3]. 
Similarly, CLEAs lipases also showed high activity for hydrolysis of ethyl 
octanoate in 1,2-dimethoxyethane [4]. However, because the sizes of CLEAs 
are usually very small, filtration or centrifugation are needed to separate 
CLEAs from the reaction mixtures [5, 6]. Furthermore, CLEAs prepared in 
batch processes are not uniform and degree of cross-linking may vary from 
batch to batch. Both factors affect the performance of CLEAs [7]. Thus, it is 
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desirable to control the size of CLEAs and morphology in a continuous rather 
than a batch process. This challenge motivated the research in this thesis. 
 
1.1 Formation of cross-linked enzymes aggregates  
Conventionally, CLEAs prepared by using a batch process always have a 
broad distribution of particle sizes [7]. This is because of poorly controlled 
experimental conditions such as mixing patterns and contact time between the 
enzyme and organic solvent [8]. To address the problems, millifluidic reactors 
were employed to offer better control over spatial and temporal concentration 
distributions, mixing patterns and mass transfer [9, 10]. All factors allow 
precise control over reaction conditions [11, 12]. Recent studies showed the 
utility of using millifluidic reactors for the synthesis of uniform nanoparticles 
[13] and enzyme membranes with great success [14, 15]. However, there is no 
report of CLEAs prepared by using millifluidic reactors. Thus, in this thesis, 
the objective is to develop millifluidic reactors for the preparation of CLEAs. 
In the reactors, organic solvents were used to precipitate enzymes from 
aqueous solutions, and glutaraldehyde in the organic solvents was used to 
cross-link enzymes to form CLEAs. Millifluidic reactors were operated under 
various flow conditions to obtain uniform CLEAs with single or multiple 
enzymes. Size, morphology, the catalytic efficiency of CLEAs for single and 
cascade reactions were characterized in details to understand the properties of 
CLEAs.  
Firstly, cellulase, a group of enzymes which catalyzes the hydrolysis of 
cellulose was chosen as a model enzyme system [16]. Cellulase is highly 
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soluble in water, making recovery of cellulase very difficult during hydrolysis 
of cellulose. Therefore, it is necessary to immobilize cellulase as CLEAs for 
enzyme recovery. Moreover, cellulase lost its activity at high temperature and 
its activity decreased over time [17, 18]. Thus, we also hypothesized that the 
stability and reusability of cellulase could be improved after the formation of 
CLEA. 
Next, laccase was chosen as the second model enzyme due to its ability to 
degrade phenolic compounds and oxidize dye molecules [19, 20]. However, 
application of laccase was hampered by its low stability and high cost [21]. In 
this study, we aimed to prepare CLEA laccase which showed better stability 
toward high temperature, pH, and inhibitors [22]. Moreover, we tested the 
catalytic properties of CLEA laccase and determined if they can be used to 
degrade trypan blue in batch and continuous processes.  
 
1.2 Collection of CLEAs 
After the preparation of CLEAs in millifluidic reactors, CLEAs can be 
collected by using vacuum filtration or centrifugation. However, this process 
often leads to a formation of clumps and reduction in enzyme activity. To 
avoid this issue, methods of trapping CLEAs inside membranes or hydrogels 
were investigated in this thesis. Because CLEAs have a bigger size than free 
enzymes, it was expected that they could be retained inside membranes or 
hydrogels without leaching. Membranes and hydrogels can also be placed 
inside reactors to allow continuous operation [23, 24]. To achieve this 
objective, we investigated the collection efficiency of CLEA cellulase in 
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membranes under different filtration rates. Next, the membrane with 
immobilized CLEA cellulase was used to catalyze the hydrolysis of cellulose. 
Effects of operating parameters such as flow rates, substrate concentrations 
were carried out. It was anticipated that entrapment of CLEAs in alginate 
beads not only protect CLEAs from the environment but also make the 
separation process easier [25]. To address the issues of enzyme leaching, we 
investigated the effect of the size of CLEA cellulase on leaching from the 
alginate beads. Finally, hydrolysis experiments were conducted to understand 
whether substrates such as cellulose can diffuse into the beads for hydrolysis. 
 
1.3 Combined cross-linked enzyme aggregates (combi-CLEA)  
Even though CLEAs usually contain only one type of enzyme, multiple 
enzymes can also be co-immobilized as combined CLEAs (combi-CLEAs). 
Similar to CLEAs with a single enzyme, combi-CLEAs prepared in batch 
processes do not have a uniform size, and the ratio of different enzymes could 
not be controlled precisely (due to the formation of domains or patches) [26]. 
Hence, in this thesis, we investigated how to prepare combi-CLEA containing 
glucose oxidase (GOx) and horseradish peroxidase (HRP) by using coaxial 
flow millifluidic reactors. We hypothesize that the combi-CLEA of GOx and 
HRP are able to catalyze the following cascade reaction.  
22
GOx
2 OH + lactone--glucono-D  O + Glucose    (1.1) 
OH O + ABTS  OH+ ABTS 22
*HRP
22     (1.2) 
Where glucose was oxidized by GOx, D-glucono-δ-lactone and hydrogen 
peroxide were produced. Subsequently, hydrogen peroxide was consumed in 
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the second reaction to oxidize 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid) (ABTS) and give a green product, ABTS
*
. By co-localizing 
GOx and HRP within the combi-CLEA, we hypothesized that the mass 
transfer of hydrogen peroxide between GOx and HRP is very efficient due to 
the short diffusion distance. Experiments were designed to optimize the effect 
of the ratio between two enzymes, rate-limiting step in the cascade reaction. 
 
1.4 Objectives  
Objectives of this thesis were to apply millifluidic reactors for preparing 
highly uniform CLEAs containing multiple enzymes. Activities of the 
immobilized enzymes in CLEAs were characterized in details and compared 
with free enzymes and other types of immobilized enzymes. Next, different 
collection methods such as adsorption and entrapments of CLEAs were 
developed to incorporate CLEAs into silica gel, membranes, or calcium 
alginate beads as practical catalysts. Their utilities in the hydrolysis of 
cellulose, degrading of trypan blue and oxidization of glucose were 
investigated and discussed in the thesis. The structure of the PhD study is 
illustrated in Scheme 1.1. 
 
Scheme 1.1. Structure of the PhD study 
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Objectives in each chapter are outlined as follows: 
1. The first objective of this thesis was to study the feasibility of using a 
Y-shape millifluidic reactor for the preparation of cross-linked 
cellulase aggregate (XCA) colloids with a uniform size distribution. 
Application of the millifluidic reactor allowed better control of the 
flow rate, mixing ratio and concentration of glutaraldehyde. 
Furthermore, porous silica gel was employed to adsorb XCA colloids 
as a practical biocatalyst for hydrolysis of carboxymethyl cellulose 
(CMC). Effects of XCA colloidal size on enzyme activity were 
characterized. This study was presented in Chapter 3. 
2. The second objective of this thesis was to develop a continuous 
process for the hydrolysis of cellulose by using immobilized XCA 
colloids and membranes. Because XCA colloids have an average size 
of 300 nm, they can be trapped inside a membrane as a biocatalyst. 
Experiments were designed to understand the collection efficiency of 
the membrane and optimize the operation conditions to maximize the 
performance of XCA during the hydrolysis of cellulose. Continuous 
hydrolysis of cellulose with cross-linked cellulase was presented in 
Chapter 4. 
3. The third objective of this thesis was to assess the viability of using 
entrapped XCA colloids in alginate beads as practical biocatalysts for 
hydrolysis of cellulose substrates. To test this proposition, uniform 
XCA colloids were prepared by using a millifluidic reactor and 
immobilized in alginate beads. Fluorescent microscopy and hydrolysis 
experiments were carried out to determine if XCA colloids leached out 
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from the alginate beads. Reaction kinetics of XCA and free enzymes 
were compared to understand their difference better. This study was 
described in Chapter 5. 
4. To further improve the performance of the millifluidic reactor, we 
described the development of a coaxial flow millifluidic reactor in 
Chapter 6. This reactor was used to study the formation of CLEA 
laccase at different flow rates. Size distribution, shape and activity of 
CLEA laccase were investigated and compared with free laccase and 
immobilized laccase prepared by using other methods. Finally, CLEA 
laccase was used as catalysts to decolorize trypan blue in batch and 
continuous processes. 
5. In the last chapter, the objective was the preparation of combi-CLEA 
of GOx and HRP by using coaxial flow millifluidic reactors. The 
catalytic properties of combi-CLEA for a cascade reaction were 
studied and compared with free enzyme mixtures. By co-immobilizing 
two enzymes within the same CLEA, effective mass transfer of the 
intermediate hydrogen peroxide was expected, especially in the 
presence of catalase which decomposes hydrogen peroxide quickly. 
Different GOx to HRP ratios were investigated to understand the rate-
limiting step in the cascade reaction. Finally, combi-CLEA was used 
for detecting glucose in homogeneous and heterogeneous assays. 
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CHAPTER 2 LITERATURE REVIEW 
 
2.1 Introduction 
Enzymes are protein molecules which are able to catalyse highly specific 
chemical reactions, especially for stereo-, regio-, and chemo- selective 
reactions [27]. Moreover, these reactions can be carried out in aqueous 
solutions under mild conditions with high yields [28]. Currently, enzymes are 
widely used in food, chemical and pharmaceutical industries [29]. However, 
enzymes are not as stable as inorganic catalysts and their activities can be 
affected by high temperature, pH, and inhibitors [30]. Because most enzymes 
are soluble in water, it is also difficult to recycle enzymes for multiple uses.  
Enzyme immobilization is a promising solution to address the issues 
mentioned above. In literature, immobilized enzymes often showed better 
thermal and pH stabilities than free enzymes. Immobilized enzymes can also 
be reused at the end of reactions [8, 31, 32]. To immobilize enzymes, several 
methods such as entrapment, physical adsorption and covalent bonding [7, 33] 
are readily available. In the entrapment method, enzymes are physically 
trapped inside hydrogels made of alginate, κ-carrageenan or agarose [34]. 
Because these hydrogels have high water content, enzymes are able to 
maintain their conformations without losing their activities. However, since 
pore sizes of hydrogels are generally bigger than enzyme molecules, leaching 
of enzymes from hydrogels is very common. Diffusion of enzyme substrates is 
also slowed down by the hydrogel matrices [35, 36]. In the physical adsorption 
method, enzymes are immobilized on surfaces of solid carriers by non-specific 
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forces such as van der Waals forces, hydrophobic interactions, hydrogen 
bonding, or ionic bonding. However, enzymes can be easily removed from the 
solid carriers due to weak interactions. Thus, this method is not suitable for 
long-term usage [37]. For covalent bonding, enzymes are immobilized on 
surfaces of solid carries through chemical bonds between enzymes and solid 
surfaces [37, 38]. These chemical bonds prevent enzymes leaching, but they 
also lead to denaturation of enzymes or blockage of active sites [38, 39]. 
Additionally, dilution of catalytic activity by the non-catalytic mass was also 
reported [2]. Finally, enzymes are able to self-immobilize through the 
formation of enzyme aggregates without using any solid carriers [40-42]. 
These enzyme aggregates can be further cross-linked using glutaraldehyde or 
poly-aldehydes to further increase their stability [18]. Compared to other 
enzyme immobilization techniques, this method offers several advantages 
such as better operation stability toward heat and organic solvents, higher 
volumetric productivity and recyclability [30]. Therefore, this method will be 
the subject of investigation in this thesis. 
 
2.2 Cross-linked enzyme aggregates (CLEAs) 
CLEAs were developed by Cao and Sheldon [1] in 2000s as a technique to 
immobilize enzymes without using solid carriers. The main feature of this 
technique is that crude enzymes were precipitated from aqueous solutions and 
then cross-linked together to form CLEAs. Because pure enzymes are not 
needed, this technique is simple and cost-effective. To precipitate enzymes, 
inorganic salts or organic solvents can be used. The addition of these reagents 
to enzyme solutions leads to the formation of enzyme aggregates which are 
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held together only by non-covalent bonds. Therefore, these enzyme aggregates 
can be re-dissolved in aqueous media [43]. In order to increase their stability, 
bifunctional agents such as glutaraldehyde can be used to cross-link enzyme 
molecules, leading to the formation of CLEAs. Enzymes in CLEAs still 
maintain their pre-organized superstructures and their catalytic activities. 
Because enzyme purification and immobilization are combined into a single 
process, CLEAs can be directly prepared from fermentation broths or cell-free 
extract directly. A scheme for the preparation of CLEAs is outlined in Figure 
2.1. 
 
Figure 2.1. Formation of cross-linked enzyme aggregates (CLEAs) 
 
The first report of CLEA is the immobilization of penicillin G acylase which 
was used as a catalyst for synthesizing ampicillin from D-phenylglycine amide 
(PGA) and 6-aminopenicillanic acid [1]. In this study, CLEA penicillin G 
acylase showed high activity and selectivity (similar to the free enzyme) 
during the synthesis of ampicillin. Moreover, CLEA penicillin G acylase 
exhibited high activity in organic solvents in which free enzyme was 
irreversibly deactivated. Subsequently, Sheldon’s group [44] demonstrated the 
preparation of CLEA penicillin G acylase, which was used as robust catalysts 
for the synthesis of β-lactam antibiotics. CLEA penicillin G acylase showed 
high specific activity and productivity than commercially available 
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immobilized penicillin G acylases (PGA-450). CLEA penicillin G acylase 
showed 50% increase in specific activity for synthesizing ampicillin in 
acetonitrile. In this study, properties of CLEA were discussed in details and 
highlighted. A further study of CLEA penicillin G acylases was carried out in 
2003. In this study, CLEA penicillin G acylase [3] was used for catalyzing the 
synthesis of ampicillin in water-miscible organic solvents. CLEA penicillin G 
acylase was active in the organic solvents with an 86% ampicillin conversion 
yield. This study provides strong evidence about CLEA’s stability in organic 
solvents which deactivate free enzyme completely. In line with these studies, 
Sheldon’s group reported the formation of CLEAs lipases with an imprinted 
strategy for the enhancement of hydrolytic activity of lipase [4]. The 
imprinting technique was shown to improve enzymes catalytic performance 
and enantioselectivity. In this study, lipases were imprinted with crown ether 
or surfactant during precipitation; lipases adopted more active conformations 
which were “locked” in cross-linked aggregates. CLEA lipases, imprinted by a 
surfactant sodium dodecyl sulfate (SDS) exhibited a 3-fold enhancement in 
hydrolytic activity compared to native enzymes. 
In 2004, Sheldon’s group [45] carried out a study for optimizing the 
preparation of CLEAs with different enzymes such as lipases (Candida 
antarctica lipase A (CaLA), Candida antarctica lipase B (CaLB), 
Thermomyces lanuginosus lipase (TlL), Rhizomucor miehei lipase (RmL)), 
trypsin, galactose oxidase (GalOx), β-galactosidase (βGal), glucose oxidase 
(GOx), phytase, laccase, alcohol dehydrogenase (ADH) and formate 
dehydrogenase (FDH) by using 96-well microplates. In their study, different 
enzymes led to different CLEAs. The first type of CLEAs is often formed by 
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lipophilic enzymes. It is very porous with many interconnected granular 
structures. In contrast, the second type of CLEAs is usually formed by 
hydrophilic enzymes. It is denser and more compact. More discussion can be 
found in section 2.4. 
Besides the simplicity, CLEAs have good robustness, reusability and stability 
toward denaturation by heat and organic solvents [46]. This is because the 
immobilized enzymes in CLEAs maintain their structures after being 
precipitated and cross-linked [47]. Prevention of enzyme denaturation by the 
multipoint attachment of the enzyme molecules [48] and protection of enzyme 
conﬁgurations from distortion and heat damage both contribute to the thermal 
stability [49-51]. Although the CLEA technique is a promising solution for 
producing insoluble biocatalysts for industrial applications, CLEAs also have 
some disadvantages such as low mechanical stability compared with enzymes 
immobilized on solid carriers [52, 53] and high mass-transfer resistance [54]. 
Moreover, particle sizes of CLEAs are too small and not uniform, making 
them difficult to be applied to many chemical reactions. It is necessary to 
optimize CLEAs in order to obtain CLEAs with high activity retention and 
operational stability. Herein, the following sections will be focused on the 
optimization of CLEAs, properties of CLEAs and the combining CLEAs with 
other immobilization methods for improving the performance of CLEAs. 
 
2.3 Optimization of CLEAs  
In the preparation process of CLEAs, several parameters such as enzymes, 
precipitants, and cross-linker concentrations determine the final properties of 
CLEAs. Different enzymes or different precipitants often lead to completely 
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different CLEAs. For example, some precipitants can be used to precipitate 
enzymes, but enzymes may be deactivated by the precipitants. Therefore, it is 
very important to understand how these parameters affect the properties of 
CLEAs. In the following sections, we discuss each factor in details. 
 
2.3.1 Effects of precipitants  
In the first step of CLEAs preparation, precipitants are added to cause the 
formation of physical aggregates of enzymes. Precipitants can be either 
inorganic salts or organic solvents. The former works by changing the 
hydration state of the enzymes, or by minimizing the electrostatic repulsion of 
the enzymes [43]. The latter works because of the decrease of the dielectric 
constant of the medium and the decrease of solvation layer around the protein 
due to the progressive displacement of water by organic solvent [55]. A wide 
variety of precipitants has been applied to the preparation of CLEAs. Table 
2.1 shows effects of precipitants on activities of enzyme aggregates of 12 
enzymes before and after cross-linking. Ammonium sulfate, acetonitrile, tert-
butyl alcohol and polyethylene glycol (PEG) are the most useful precipitants 
because of their high ionic strengths, dielectric constant and hydrophilicity 
properties [43]. In contrast, methanol, dimethylformamide (DMF) and 
dimethyl sulfoxide (DMSO) caused the loss of enzyme activities.  
For enzyme laccase, ammonium sulfate, tert-butyl alcohol, and PEG were 
considered good precipitants because the activity of laccase increased after the 
precipitation. On the other hand, DMF, DMSO, and methanol were bad 
precipitants because they caused significant loss of the laccase activity. 
Similar results were also observed in the case of GOx, another oxidoreductase. 
  Chapter 2 
14 
 
It should be noted that laccase only retained 27% of its activity when 
acetonitrile was used as the precipitant. However, the same precipitant led to 
hyperactivity of GOx (116%). Similar results were observed in the case of 
ammonium sulfate. The activities of resolved aggregates of laccase and GOx 
remained 139% and 101% of its native activity, but phytase and GalOx were 
around 52% and 83%, respectively.  
Among alcohols tested, tert-butyl alcohol can be considered as a good 
precipitant for many enzymes to form CLEAs whereas methanol caused total 
loss of activity in many cases. The increasing trend of retaining activity from 
methanol (18%) to tert-butyl alcohol (91%) can be explained by the increasing 
hydrophobicity from methanol (-0.69) [56] to tert-butyl alcohol (0.58) [56] 
and the decreasing capability for changing the hydration state of enzymes. 
Changes in enzyme’s hydration state may adversely affect enzyme’s 
conformation and activity [57]. 
It should be noted that the activity of the resolved aggregates might be 
different from the retained activity of immobilized enzymes in CLEAs. As 
shown in Table 2.1, the drop of retained activity of enzymes in resolved 
aggregates and CLEAs are observed in all of the samples. For examples, 
activities of laccase precipitated by PEG in resolved aggregate and CLEAs are 
186% and 50% of its initial activity. Similar results were observed from GOx 
(127% and 100%). This might be due to the excessive cross-linking by 
glutaraldehyde, which will be further discussed in section 2.3.2.  
Although ammonium sulfate is widely used for CLEAs preparation, some 
studies reported that the reaction between ammonium sulfate and cross-linkers 
may stop the formation of solid aggregates. Particularly, Ribeiro et al. [58] 
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reported that there were no precipitates formed by adding ammonium sulfate 
to naringinase solution. Adding glutaraldehyde to this solution led to the 
appearance of a yellow to brown color which may be due to a reaction 
between glutaraldehyde and ammonium sulfate and/or proteins. Šulek and 
Sheldon [59] reported the ineffective role of ammonium sulfate on the 
precipitation of HRP. There were no aggregates found after adding 90% 
ammonium sulfate saturations and incubated for 3 h. A similar phenomenon 
was reported by Roberge et al. [60]. 
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CaLA CaLB TIL RmL GOx GalOx  Laccase βGal Trypsin ADH FDH Phytase Averagea 
 a Maximum contribution per enzyme = 100%. 
1 Buffer 100 100 100 100 100 100 100 100 100 100 100 100 100 
2 Methanol 3 64 43 21 0 3 0 0 89 0 2 19 18 
3 Ethanol 45 66 258 187 15 19 47 0 135 1 23 97 51 
4 1-Propanol 48 30 1511 223 85 83 85 80 129 1 13 66 66 
5 2-Propanol 43 77 169 95 104 100 99 82 144 6 55 93 79 
6 tert-Butyl 
alcohol 
142 100 1779 934 116 107 139 99 148 13 90 88 91 
7 Acetone 107 52 178 706 94 87 58 65 185 24 95 77 79 
8 Acetonitrile 100 75 561 428 116 93 27 88 151 21 84 79 81 
9 DME 231 100 1013 561 113 88 78 79 142 7 50 95 83 
10 Ethyl 
lactate 
86 39 108 14 127 93 108 82 142 4 32 123 71 
11 Sat 
(NH4)2SO4 
101 131 113 133 101 74 139 83 186 100 88 52 91 
12 DMF 6 72 62 58 1 1 0 0 85 0 0 19 25 
13 DMSO 5 107 95 43 2 0 0 0 131 0 0 5 29 
14 PEG 115 138 141 102 114 52 186 100 153 44 81 80 88 
  After cross 
linking 
263 177 327 934 100 95 50 100 51 20 7 100 77 
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In addition to the type of precipitants, the concentration of precipitants also 
affects the recovery activity of CLEAs. The retained activities of enzymes in 
aggregates are the result of the competition between precipitation and 
denaturation. When the precipitation is slow, the enzyme could be denatured 
because of the strong force exerted on its structure [45]. If the precipitation 
occurs faster, the formation of enzyme supramolecular structures is easier, and 
the denaturation of the enzyme is limited. Table 2.1 shows that CLEAs of 
different enzymes retained relatively high activity when 90% ammonium 
sulfate saturation was used to precipitate the enzymes. In that study, the 
authors emphasized the effect of ammonium sulfate concentration on retained 
activity of GOx in CLEA. The activity of GOx was high when it was 
precipitated by using 90% of ammonium sulfate saturations. In contrast, 
partial denaturation and incomplete precipitation were reported when lower 
concentrations of precipitant (< 70% of ammonium sulfate saturations) were 
used [45]. 
Aytar et al. [61] reported the formation of CLEA tyrosinase, a copper-
dependent oxidase with properties very similar to laccase. In their study, the 
effect of ammonium sulfate on the retained activity of tyrosinase in CLEA was 
reported. CLEA tyrosinase retained nearly all activity at high ammonium 
sulfate concentrations. A changing in aggregate morphology was also 
reported. At a low ammonium sulfate concentration (40% of saturation), 
CLEA was coarse-grained and less structured, whereas, at 80% of saturation, 
fine-grained and more porous structures were observed (as shown in Figure 
2.2). Tükel et al. [62] reported the effect of precipitant concentration on 
catalase, another oxidoreductase. By increasing the concentration of 
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precipitant from 50% to 70% of ammonium sulfate saturation, the retained 
activity of catalase in CLEA, increased by 30%.  
 
Figure 2.2 Scanning electron microscope images (SEM) of CLEAs prepared 
with 40% (A) and 80% (B) ammonium sulfate saturations (magnification 
3500×). Reprinted from [61] with the permission. 
 
The effects of organic solvents’ concentration on the retained activity of 
enzymes in CLEAs were also reported [51, 63]. Zhao et al. [51] reported that 
the activity of immobilized lipase in CLEA increased with the increasing the 
amounts of acetone. Kaul et al. [63] showed increasing nitrilase activity with 
increasing concentrations of various organic solvents, and CLEA nitrilase 
achieved 95% its native activity by using isopropyl alcohol (85% v/v). On the 
other hand, the effect of precipitating agents on the particle size of lipase in 
the formation process was reported by Yu and co-workers [64]. The particle 
size of CLEA lipase (which will be discussed in Section 2.4.3) was affected by 
the fraction of ammonium sulfate. Overall, using a higher concentration of 
precipitant will limit the conformational change of enzymes and give complete 
aggregation with high activity recovery. 
Precipitation time is another important parameter in this process. It is worth 
mentioning that this parameter is not precisely controlled. For example, 
  Chapter 2 
19 
 
Matijošytė et al. [65] reported the precipitation of laccase by mixing 
precipitants and laccase solution for 1 h. Canaba and co-workers [22] reported 
the incubation of laccase and precipitant for 16 h. The same group reported the 
formation of CLEA laccase by incubating with a precipitant for only 2 h [66]. 
In another study of that group, laccase was precipitated by mixing with 
acetone for 90 min [67]. Immersion of enzymes in organic solvents for several 
hours can cause changes in enzyme conformations and denaturation of active 
sites [68, 69]. Šulek et al. [59] reported the reducing of HRP’s activity due to 
immersion in acetone for 40 min. We proposed that controlling precipitation’s 
conditions can help obtain smaller aggregates and shorten the penetration of 
glutaraldehyde into the interior precipitated enzyme clusters as well as obtain 
uniform CLEA particles. Controlling the precipitation time can help preserve 
the change of enzyme conformation caused by the hydrophobic solvents. To 
the best of our knowledge, there is no study reported the effective control of 
precipitation conditions. 
In summary, several precipitants can be used for the preparations of CLEAs of 
different enzymes due to their different conformations and properties. The 
effects of organic solvents on the activity of enzymes depend on their 
hydrophobicity. Rapid precipitation will limit the denaturation of enzymes 
with complete aggregation. It is necessary to screen suitable of precipitants 
and optimize their concentrations as well as precipitation’s time for robust and 
active CLEAs [45, 51, 61, 62, 70]. Currently, the choice of the applicable 
precipitant and its concentration are usually empirical. 
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 2.3.2 Effects of cross-linkers and cross-linking time 
The most commonly used cross-linker to prepare CLEAs is glutaraldehyde, 
which reacts with free amino groups of lysine residues to form imines [40, 
71]. Apparently, both glutaraldehyde concentration and cross-linking time 
affect the properties of CLEAs. As reported in the literature [26], if the 
glutaraldehyde concentration is too low or the cross-linking time is too short, 
enzymes may not be cross-linked properly. This means that enzymes may 
leach out from CLEAs during operation. On the other hand, when the 
glutaraldehyde concentration is too high or the cross-linking time is too long, 
excess cross-linking may deactivate enzymes due to the blockage of active 
sites or loss of enzyme’s flexibility [29, 30, 72] (as shown in Figure 2.3). The 
effects of glutaraldehyde concentration were reported in several studies. For 
example, our group reported the effect of glutaraldehyde concentration on 
activity and stability of CLEA cellulase [73]. The concentration of 
glutaraldehyde was varied from 10 to 75 mM. The cross-linking yield and the 
stability of CLEA cellulase during operation process increased with the 
increasing of glutaraldehyde concentration. However, the decrease of CLEA 
cellulase activity due to the excess amount of cross-linker was observed.  
Matijošytė et al. [65] reported the effect of glutaraldehyde concentration on 
the activity of laccases from Trametes versicolor, Trametes villosa and 
Agaricus bisporus. The concentration of glutaraldehyde was varied from 2.4 to 
40 mM. The optimum concentrations of glutaraldehyde were different for 
laccases from different sources, probably because of the number of free amino 
groups on the surface of each enzyme.  




Figure 2.3. Illustration of the cross-linking with different glutaraldehyde 
concentrations. 
 
Another important parameter of the cross-linking process is cross-linking time 
which should be optimized to maximize the activity retention of immobilized 
enzymes in CLEAs. Cross-linking time was found to influence the 
microstructure structural organization of the resulting enzyme preparation and 
the catalytic properties of enzymes [59, 68, 74]. The cross-linking time 
between enzymes and glutaraldehyde varies in a wide range (from few 
seconds to hours) [75]. Inadequate cross-linking and poor CLEA’s operational 
stability were observed at the short cross-linking time. At low cross-linker 
concentration and a suitable cross-linking time, CLEAs can achieve the 
maximum retention activities. With a higher cross-linker concentration, it 
might take a shorter time to achieve efficient cross-linking. Excessive cross-
linking was observed when enzymes were cross-linked with excess 
glutaraldehyde concentration for a long cross-linking time [8, 76-78]. Table 
2.2 summarized the optimum glutaraldehyde concentrations and cross-linking 
time for CLEA laccases from different sources.  
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Table 2.2. Optimum cross-linking conditions of CLEAs laccases from 
different sources 





Trametes versicolor 10 mM 19 h [65] 
Trametes villosa 20 mM 3 h [65] 
Agaricus bisporus 20 mM 27 h [65] 
Pleurotus ostreatus 10 mM 2 h [79] 
Trametes versicolor 5 mM 24 h [66] 
Coriolopsis polyzona 0.2 mM 24 h [22] 
Shewanella 
putrefaciens 
20 mM 12 h [80] 
 
2.4 Characterization of cross-linked enzyme aggregates  
2.4.1 Enhancement of enzyme’s operation stability  
The effect of immobilized enzymes in CLEAs toward various deactivating 
conditions such as pH, temperature, and organic solvents was highlighted in 
several studies. Increasing temperature can alter the enzyme conformation and 
reduce enzyme activity [81]. Enzymes in CLEAs are self-immobilized by 
intra- and inter-molecular cross-linking between molecules in aggregates. 
These are thought to rigidity the structures and protect the protein 
conﬁgurations from distortion, heat damage as well as enhancing their thermal 
stabilities [49-51].  
Cabana and co-worker [22] reported the improvement of CLEA laccase 
stability toward the effect inhibitor and heat. After a 24-h incubation period, 
free laccase had completely lost its activity while CLEA and CLEA-BSA-0.01 
(CLEA laccase and bovine serum albumin (BSA)) and CLEA-BSA-0.1 still 
showed 20% of their initial laccase activity versus 40% for the CLEA-BSA-1 
(As shown in Figure 2.4). Moreover, CLEA laccase also exhibited higher 
retained activity than free enzyme after 4 h incubated with chemical 
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denaturants. CLEA laccase displayed a higher residual activity than free 
laccase against protease, NaN3, ethylenediaminetetraacetic acid (EDTA), 
methanol and acetone.  
 
Figure 2.4Thermal inactivation of free laccase ( ), CLEA ( ), CLEA-
BSA-0.01 ( ), CLEA-BSA-0.1 ( ) and CLEA-BSA-1 ( ) 
subjected to a temperature of 40 °C and a pH of 3. Reprinted from [22] with 
the permission. 
 
Activities of enzymes and the distributions of charges in the active sites and 
on the surface of the enzyme molecules are affected by pH. Maximum 
activities of enzymes are usually achieved around neutral pH values [81]. For 
CLEAs, shifting of maximum enzyme activities toward acidic or alkaline 
environments was reported [20, 66, 82, 83]. Covalent linking between 
enzymes and glutaraldehyde can decrease enzyme’s flexibility that helps 
reduce conformational changes and lead to increase in pH resistance [2, 20, 
84]. Kumar and co-workers [66] reported the resistance of CLEA laccase 
toward acid, neutral and alkaline conditions. For example, at pH 4.0, free 
laccase lost more than 77% of its activity within 6 h, whereas the CLEA 
laccase retained almost 100% of activity. At pH 8.0, the effect is even more 
drastic. Free laccase lost its activity completely after 10 min, whereas CLEA 
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laccase retained 100% of its activity. In another study by Cabana et al. [85], 
CLEA laccase on chitosan and 3-aminopropyltriethoxysilane (EPES-CLEA 
laccase) had more than 30 times higher thermo-resistance than that of free 
laccase. EPES-CLEA laccase and CLEA laccase also had a broader pH range 
compared to free enzyme. Subsequently, that group also reported the 
formation of CLEA laccase on magnetic particles (m-CLEA) [66]. The m-
CLEA retained about 44% of its optimal activity at pH value of 8.0. In 
contrast, free laccase lost all its activity. The shift of m-CLEA’s pH value 
from 4.0 (free laccase) to 6.0 was reported (as shown in Figure 2.5). 
 
Figure 2.5. pH stability profiles for free laccase, C-CLEA and M-CLEA 
laccases. The free laccase and CLEAs were incubated at room temperature at 
different buffers (pH 4.0, 7.0 and 8.0) and different times. Reprinted from [66] 
with the permission. 
 
2.4.2 Enhancement of enzyme’s storage stability and reusability  
The storage stability and reusability are the main challenges for expanding the 
industrial applications of enzymes. Numerous studies reported the increase of 
stability of CLEAs. Reusability of CLEAs is another important reason to 
immobilize costly enzymes in order to facilitate their recovery from the 
reaction media. The main reason for the better stability can be ascribed to the 
cross-linking of enzymes in the aggregates; the permanent solubility of 
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CLEAs and the inter-covalent bonds formed among enzyme molecules, 
preventing enzyme dissociation and stabilizing their structures [30, 47, 48, 
79]. 
For example, the application of free laccase for the treatment of azo dyes is 
not economically viable due to poor operational stability and lack of 
reusability. Immobilization of laccase as CLEA is a potential solution for 
enhancing operational stability and reusability as shown in the literature [86]. 
In the past, CLEA laccase has been used in many industrial applications [22]. 
For example, CLEA laccase was used to eliminate endocrine disrupting 
chemicals (EDCs) with 90% removal efficiency in 130 min [22]. CLEA 
laccase was also used to degrade aromatic pharmaceuticals in wastewaters in a 
hybrid bioreactor with hollow fiber membrane [84]. In this set-up, CLEA 
laccase could be reused up to 5 times. Our group also demonstrated the use of 
hybrid CLEA cellulase on silica gel to hydrolyze cellulose [73]. Hybrid CLEA 
cellulase on silica gel could be reused up to 5 times with 81% of its initial 
activity  
 
2.4.3 Size and morphology of CLEAs  
Size and morphology of CLEAs affect the performance of CLEAs in terms 
mass transfer, separation, and reactor design. The size of CLEAs also 
determines their reusability and recyclability of CLEAs [64, 87]. Apparently, 
if the CLEA particle is too small, then it cannot be filtered or recycled at the 
end of reactions. On the other hand, if the CLEA particle size is too big, then a 
lot of enzymes are buried deep inside the CLEA particle. Slow diffusion of 
substrates through the CLEA particles is expected. For example, Yu et al. [64] 
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prepared CLEA lipase of different sizes and observed that when the particle 
size of CLEA lipase was smaller than 20 µm, lipase was in contact with 
organic solvents and lost its activity. However, if the particle size was bigger 
than 45 µm, lipase in the inner core of the CLEA had no access to the 
substrates.  
The particle size of CLEAs also affected reactor design and operation [30, 88]. 
Smaller CLEAs particles could be dispersed homogenously, but the pressure 
drop also increased [52, 89-91]. For instance, Canaba’s group [22] found that 
it was difficult to maintain a fluidized bed reactor with CLEA laccase due to 
its small size. Therefore, it is desirable to control the size of CLEAs.  
In the literature, various approaches for controlling CLEAs particle sizes have 
been reported. For instance, Chen et al. [92] reported the preparation of CLEA 
trypsin of 7 – 38 nm by using CO2-expanded reverse micellar solutions. The 
size of CLEA trypsin can be tuned, but this method is difficult to scale-up. 
García-García and co-workers [93] demonstrated the use of cell disruptor for 
pulverizing CLEA N-acetylneuraminate aldolase, known as FastPrep-CLEAs. 
The FastPrep-CLEAs showed 86% increase in recovery activity, but the size 
distribution was still too broad. Therefore, there is a need to develop simple 
and effective methods for controlling CLEAs particle sizes. 
The morphology of CLEAs was first investigated by Schoevaart et al. [45]. In 
this study, the morphology of CLEAs from Candida antarctica lipase B, and 
Candida rugosa lipase were investigated. CLEAs were classified as type 1 and 
type 2 aggregates according to their morphology (Figure 2.6). Type 1 
aggregates are formed by enzymes that are scarcely glycosylated and highly 
lipophilic whereas type 2 CLEAs are formed by enzymes having more 
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hydrophilic surfaces. For instance, type 1 CLEAs were often formed by L-
aminoacylase [94], lipase [45, 95, 96], feruloyl esterase [97], trypsin [98], 
combi-CLEA of glucoamylase and pullulanase [26]. Type 2 CLEAs were 
formed by tyrosinase [61], phenylalanine ammonia lyase [99], amylase [83], 
β-mannanase [57], proteinases [100], penicillin acylase [101], formate 
dehydrogenase [102], hydrolases [103], alkyl ferulates [104], ketoreductases 
[105]. By definition, type 1 morphology is very porous with many 
interconnected granular structures. In contrast, type 2 morphology is denser 
and more compact. Thus, type 1 CLEAs permit better mass transfer and faster 
reaction kinetics. Some studies suggest that the morphology of CLEAs also 
depends on the extent of cross-linking [45, 106]. For example, the morphology 
of CLEA lipase changed from type 1 to type 2 when the glutaraldehyde 
concentration was increased from 40 mM to 60 mM [106]. 
 
Figure 2.6. (a) Type 1 aggregates of CLEA Candida antarctica lipase A/B (b) 
Type 2 aggregates of Candida rugosa lipase (Reprint from [45] with the 
permission). 
 
2.5 CLEAs with multiple enzymes  
In biological systems, many processes involve cascade reactions in which 
intermediates from the previous reactions become substrates for the next 
reactions [107]. However, intermediates need to diffuse from the previous 
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location to the next. Because intermediates may be short-lived or decompose 
during this process, cascade reactions cannot proceed efficiently if the 
diffusion distance is too long. Nature has solved this problem by 
compartmentalization of cascade reactions or creating scaffolds to immobilize 
enzymes in close proximity [108]. Similar to this concept, two or more 
enzymes can be co-immobilized together as cross-linked enzyme aggregates 
(combi-CLEAs) for catalyzing cascade reactions. Combi-CLEAs have been 
used as versatile biocatalysts to catalyze various types of cascade reactions in 
reactors [30]. Recently, Periyasamy et al. [109] demonstrated the formation of 
combi-CLEA from xylanase, cellulase, and β-1,3-glucanase for 
saccharification of sugarcane bagasse. By using combi-CLEA for hydrolyzing 
pretreated sugarcane bagasse, the hydrolysis yield reached about 83.5% 
whereas the yield of free enzymes was only 73% after 48 h. Touahar et al. 
[110] prepared combi-CLEA containing laccase, versatile peroxidase and 
GOx, and used it for the elimination of pharmaceutically active compounds 
(PhACs) in wastewater. In this study, hydrogen peroxide generated by glucose 
oxidase was used by versatile peroxidase to eliminate PhACs under different 
conditions. Cabana’s group [111] reported the use of combi-CLEA of laccase 
and tyrosinase for transforming acetaminophen in wastewater. Laccase and 
tyrosinase oxidize phenolic substrates and release phenoxy radicals (for 
laccase) or quinones (for tyrosinase) that subsequently polymerize and 
precipitate. This combi-CLEA transformed more than 80% of acetaminophen 
from the municipal wastewater and more than 90% from the hospital 
wastewater.  
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2.6 Millifluidic reactor for enzyme technology 
Micro/millifluidic reactors offer several advantages over traditional reactors 
such as small reactant volume, homogenous mixing, rapid mass and heat 
transfer and short residence time [112-114]. The streams in micro/millifluidic 
reactors fall in laminar regimes, and they can be set up as parallel laminar 
flows, coaxial laminar flows for single phase or segmented or “slug” flow for 
two-phase reactors. Mass transfer of reactants is controlled by diffusion and 
occurs in the interface zone between the two streams within the millifluidic 
reactor channel [115] or on the surface of droplet [116]. Thanks to the large 
surface-to-volume ratio and laminar flow of liquid, micro/millifluidic reactors 
provide a homogeneous reaction environment that allows strict control of 
reaction conditions, reaction time, and mixing patterns [117, 118]. So far, 
micro/millifluidic reactors have been applied to the synthesis of nanomaterials, 
but they have not been used to prepare CLEAs [119]. 
Depending on the configurations, millifluidic reactors can be divided into two 
categories: chip-based and capillary-based reactors [120, 121]. The former are 
fabricated on a solid substrate such as silicon wafer, and they can be precisely 
tailored for each task [122, 123]. In contrast, capillary-based reactors are 
simpler in structures and easier to fabricate as they can be made from several 
capillary tubings [115, 124]. The capillary-based reactors can be operated as 
coaxial flow millifluidic reactors in which two coaxial flows run parallelly in 
the confluence zone. In the coaxial flow reactor, a reactant diffuses radially 
[115] and meets another reactant at the interface between the two flows, 
leading to a chemical reaction at the interface [13].  
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Recently, Hassan and co-workers [125] reported the synthesis of iron oxide 
nanoparticles by using a coaxial flow microfluidic reactor. In this study, iron 
and sodium hydroxide solutions formed two coaxial flows in the confluence 
zone, leading to the formation of iron oxide nanoparticles at the interface. The 
iron oxide nanoparticles have a spherical shape and an average diameter of 7 
nm. Similarly, a coaxial flow microfluidic reactor was successfully applied to 
the synthesis of Fe2O3@SiO2 core/shell nanoparticle with a very short 
residence time [126]. In another study, Razwan et al. [13] employed a coaxial 
flow microfluidic reactor for synthesis of silver nanoparticles. Silver nitrate 
solution was surrounded by sodium borohydride solution, and the nucleation 
reaction happened at the interface of the two flows. By varying the flow rates 
of the two flows, the size of the silver nanoparticles can be precisely 
controlled.  
Recently, coaxial flow microreactor was also applied to protein separation and 
precipitation. For example, BSA in PEG 4000 solution was precipitated by 
using ammonium sulfate in a coaxial flow microreactor [14]. 71.1% of BSA 
was precipitated in 3.6 s, which was superior to the traditional precipitation 
process. On the other hands, coaxial flow microfluidic reactor was also 
applied for immobilizing α-chymotrypsin [15], aminoacylase [127] and 
laccase [128] in as cross-linked enzymes (CLEs). In these studies, the CLEs 
were formed by simultaneous cross-linking between poly-(Lysine) and 
enzymes (α-chymotrypsin, aminoacylase, and laccase) at the interface. Later, 
this technique was employed to prepare α-chymotrypsin membrane on the 
inner surface of polytetrafluoroethylene (PTFE) tubing. The α-chymotrypsin 
membrane exhibited proteolytic activity in the presence of urea, DMSO as a 
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free enzyme [15]. This approach was also used to prepare aminoacylase 
membrane for continuous resolution of racemic N-acyl amino acids [127]. In 
line with this study, laccase membrane in PTFE tubing was developed as a 
model for efficient eliminating of estrogens and anti-inflammatory compounds 
[128].  
From these studies, coaxial flow microreactors can be used to control chemical 
reactions between two flows precisely with very fast reaction rates. They are 
very suitable for synthesis of metallic nanoparticles [14]. Even though coaxial 
flow microreactors have been used to prepare enzyme membrane and 
precipitation of enzymes [14, 15], here is still no report of applying coaxial 
flow micro/millifluidic reactors for CLEA preparation.  
 
2.7 Immobilization of CLEAs on solid carriers  
Typically, vacuum filtration or centrifugation can be applied to collect CLEAs 
at the end of reactions. However, the formation of clumps is unavoidable, and 
that causes squeezing of enzymes in CLEAs and reducing catalytic efficiency 
[30, 45, 129, 130]. To avoid this problem, entrapping CLEAs in hydrogels 
(such as calcium alginate) and immobilization of CLEAs on solid carriers 
(such as silica gel) have been developed [25, 73, 131-137]. Hydrogels and 
solid carriers not only protect CLEAs from the environment but also make the 
separation process easier. For example, Wilson et al. [25] demonstrated the 
entrapment of CLEA penicillin G acylase in polyvinyl alcohol matrix for 
improving its stability and reusability in organic solvents. Xu and Yang [136] 
reported the encapsulation of CLEA tyrosinase in alginate beads. They found 
that CLEA tyrosinase in alginate beads retained 100% activity up to 6 cycles 
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and 78.2% activity after 10 cycles. Similar results were reported for CLEA β-
galactosidase [137]. However, a common problem for entrapment of CLEAs 
in the hydrogels is enzyme leaching. Since the pore size of hydrogels may be 
larger than the CLEAs, some CLEAs may leach out during operations.  
Another strategy to immobilize CLEAs is by using solid carriers such as silica 
gel. For example, CLEA phenylalanine ammonia lyase immobilized in 
macroporous silica gel (MSG-CLEA) [134] showed better stability during 
long-term operation. MSG-CLEA of phenylalanine ammonia lyase retained 
more than 47% of its initial activity whereas conventional CLEAs of the same 
enzymes only retained 7% of its initial activity at 60 
o
C [134]. Cui et al. [132] 
also reported the formation of CLEA phenylalanine ammonia lyase on 
microspherical silica (S-CLEA). S-CLEA of phenylalanine ammonia lyase 
exhibited the excellent stability against high temperature and denaturants than 
convention CLEA of the same enzyme. 
 
2.8 CLEAs in the continuous process 
Aforementioned, CLEAs can be used as biocatalysts in packed-bed reactors, 
perfusion basket reactors, and membrane reactors. In these processes, 
inhibition of enzymes can be reduced by in situ removal of reaction products 
from the reactors by using membranes [90, 138]. Because CLEAs have a 
bigger size than free enzymes, they can be effectively retained in the reactors 
while the inhibition products are removed from the reactors [23, 24]. For 
example, Cabana’s group [22, 52] reported the immobilization of CLEA 
laccase from C. polyzona in a fluidized bed reactor [22] and a perfusion basket 
reactor [52] to eliminate more than 95% of nonylphenol, triclosan, and 
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bisphenol A. Subsequently, that group demonstrated the utilization of 
immobilized CLEA laccase in hybrid bioreactor and microfiltration membrane 
for continuous degradation of aromatic compounds in wastewaters [84].  
In another study by Taboada-Puig and coworkers [23], combi-CLEA of 
versatile peroxidase and GOx were immobilized inside membrane for 
removing bisphenol A. This membrane reactor with combi-CLEA was 
operated continuously for 43 h and 90% of bisphenol A was eliminated. Hilal 
et al. [91] reported the embedding of CLEA lipase into the microporous 
polymeric membrane. This membrane reactor was operated for 2 weeks with 
no loss in CLEA activity. Finally, Sorgedrager et al. [90] reported the 
utilization of CLEA penicillin amidase in a membrane slurry reactor for 
continuous hydrolysis of penicillin G. to 6-amino penicillanic acid with a yield 
around 75 – 85%. 
 
Figure 2.7. Experimental setup of hybrid bioreactor of hollow fiber microfilter 
membrane and CLEA laccase for eliminating aromatic pharmaceuticals in 
wastewaters. (Reprint from [84] with the permission). 
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2.9 Summary  
CLEAs are enzyme aggregates cross-linked together as solid particles. They 
are often used as biocatalysts to catalyze chemical reactions in organic 
solvents, harsh operation conditions or when recycling of enzymes is needed. 
The technique of preparing CLEAs has been applied to a broad range of 
enzymes such as laccase and HRP. Because this technique combines enzyme 
purification and immobilization into a single process, it is inherently simpler 
than traditional enzyme immobilization methods. Two or more enzymes can 
also be co-immobilized as combi-CLEAs, which can be used for catalyzing 
cascade reactions. Several types of research on CLEAs have been focused on 
the optimization of preparation processes to obtain higher activity and better 
stability. Currently, applications of CLEAs range from the synthesis of 
pharmaceutical compounds, hydrolysis of cellulose and wastewater 
treatments. 
It is worth mentioning that most of the preparations of CLEAs are currently 
carried out in batch processes, and the choices of preparation conditions are 
usually empirical. The approach has led to poor control of reaction conditions 
and lack of reproducibility. The size of CLEAs may vary widely from 5 – 100 
µm [70] with a broad size distribution. Therefore, the objective of this thesis is 
to develop new strategies for precisely control the sizes and properties of 
CLEAs in millifluidic reactors. 
  Chapter 3 
35 
 
CHAPTER 3 UNIFORM CROSS-LINKED CELLULASE 
AGGREGATES PREPARED IN MILLIFLUIDIC REACTORS 
 
3.1. Introduction  
The first objective of this thesis was to study the feasibility of using a Y-shape 
millifluidic reactor for the preparation of cross-linked cellulase aggregate 
(XCA) colloids with a uniform size distribution. Cellulase is a group of 
enzymes which catalyzes the hydrolysis of cellulose. Cellulase mainly consists 
of endoglucanase (1,4-β-D-glucan-4-glucanohydrolase, EG), exoglucanase 
(1,4-β-D-glucan cellobiohydrolase, CBH), and β-glucosidase [16]. The 
endoglucanase randomly cleaves internal β-1,4-glucosidic bonds at the 
amorphous region to produce new chain ends, while exoglucanase cleaves β-
glucosidic bonds at the free end of cellulose chains to release cellobiose. β-
glucosidase degrades small soluble oligosaccharides and cellobiose to glucose 
[139, 140]. However, cellulase is soluble in water, and recovery of cellulase is 
difficult after hydrolysis of cellulose. To address this issue, new 
immobilization strategies are needed. Traditionally, the enzyme can be 
immobilized on solid carriers by using physical adsorption [40] or covalent 
binding [7]. However, the former is unstable whereas the latter may deactivate 
the enzyme [38, 141, 142]. Alternatively, enzyme molecules can be cross-
linked one another to form cross-linked dissolve enzymes (CLEs), cross-
linked crystalline enzymes (CLECs), cross-linked sprayed dried enzymes 
(CLSDs) and cross-linked enzyme aggregates (CLEAs) [38]. As mentioned in 
Section 2.1, the CLEA technique attracts much attention due to its simplicity 
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and low cost [1]. In this method, an enzyme first forms physical aggregates 
after adding organic solvents. Then, enzyme inside each aggregate is further 
cross-linked by glutaraldehyde to form CLEA. In the literature, CLEAs show 
higher activity than those enzymes covalently immobilized on solid carriers 
because enzymes can maintain their native structures inside CLEAs. For 
example, Saville and co-workers [143] reported that covalently immobilized 
cellulase retains only 1 – 6% of its original activity, whereas Dalal et al. [144] 
reported that the cross-linked cellulase aggregate completely retains its 
activity. Recently, our group also reported hybrid CLEA cellulase on silica gel 
[73]. This type of hybrid CLEA cellulase also shows high activity during 
hydrolysis of CMC, and the catalysts can be recycled at least five times. These 
studies suggest that formation of cellulase aggregate is a better strategy than 
traditional immobilization methods.  
As mentioned in Section 2.4.3, most CLEAs are prepared in batch processes, 
the particle size of CLEAs and degree of cross-linking may vary widely, and 
that affects enzyme activity and reaction kinetics [7]. For example, if the 
particle size is too small, then CLEAs cannot be filtered or recycled. On the 
other hand, if the particle size is too big, then a lot of enzymes are buried 
inside the core, and the reaction is limited by diffusion. Therefore, it is 
important to control the particle size of CLEAs and have a uniform size 
distribution. Another issue is the degree of cross-linking. In a batch process, 
one can only control the degree of cross-linking by changing the 
glutaraldehyde concentration. However, many factors such as mixing patterns 
and contact time may also result in different degree of cross-linking. 
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Apparently, different degrees of cross-linking affect the performance of 
cellulase and its stability.  
Millifluidic reactors are becoming more and more popular in recent years due 
to several advantages. As mentioned in Section 2.6, millifluidic reactors offer 
several advantages such as strict control over spatial and temporal 
concentration distributions, rapid heat exchange, mass transfer and 
homogeneous reaction environments [9, 10]. These features allow rapid 
mixing and precise control over reaction conditions in millifluidics reactors 
[11, 12]. Millifluidic devices are potential for the preparation of nanoparticles 
with uniform sizes. Secondly, compared to microfluidic devices, millifluidic 
reactors have higher throughput and less clogging [120]; thus they are more 
practical for preparation purposes. Even though millifluidic reactors show 
promises, most studies are focused on the synthesis of nanomaterials. There 
are fewer studies focused on the preparation of CLEAs by using millifluidic 
reactors, especially in the case of cellulase.  
This chapter describes the study of the feasibility of using a millifluidic reactor 
for the preparation of cross-linked cellulase aggregate (XCA) colloids with a 
uniform size distribution. Application of millifluidic devices allows us to 
control the flow rate, mixing ratio and concentration of glutaraldehyde 
precisely and study their effects on the particle size of XCA colloids. 
Furthermore, we used porous silica gel to adsorb XCA colloids (XCA-Si) as a 
practical biocatalyst for hydrolysis of CMC [145]. CMC is commonly used as 
a substrate for measuring cellulase activity because it is soluble in water [145, 
146]. On the other hand, cellulose is insoluble in water, and the hydrolysis rate 
is not constant. Because our interest was to determine the cellulase activity, we 
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chose CMC as a substrate. Even though the activity for CMC cannot be 
translated into activity for cellulose directly, it can be used to compare 
activities of different cellulases when they are used to hydrolyze cellulose.  
 
3.2. Experimental  
3.2.1 Materials 
Polytetrafluoroethylene (PTFE) tubing (ID 0.8 μm, OD 2.4 mm) and 96-well 
microplates were purchased from Cole Palmer (Singapore). Fluorinated 
ethylene propylene (FEP) tubing (ID 0.8 mm, OD 1.6 mm) was obtained from 
IDEX Health & Science (Singapore). Stainless steel microcapillary was 
obtained from Hamilton (ID 184 μm, OD 362 μm). Cellulase (Trichoderma 
reesei ATCC 26921) solution, glutaraldehyde, sodium carboxymethyl 
cellulose (CMC), silica gel (200 mesh, 150 Å, 300 m
2
/g), citric acid, sodium 
hydroxide, 3,5-dinitrosalicylic acid , sodium potassium tartrate, sodium 
metabisulfite, phenol, 3-aminopropyltriethoxysilane (APTES) (99%), bovine 
serum albumin (BSA) and Bradford reagent, were purchased from Sigma-
Aldrich (Singapore). Acetonitrile was purchased from Fisher. All chemicals 
were used as received without further purification. 
 
3.2.2 Preparation of XCA using a millifluidic reactor 
A millifluidic reactor was constructed as shown in Figure 3.1. It consists of 
PTFE tubing and an FEP tubing with a Y-junction. A stainless steel needle 
(connected to the FEP tubing) was inserted into the PTFE tubing to form the 
Y-junction. To prepare XCA colloids by using millifluidic reactors, 0.3 mL of 
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citrate buffer (0.05 M, pH 4.8) containing 15 mg/mL of cellulase was injected 
into the FEP tubing at a constant flow rate of 25 μL/min. Meanwhile, 
acetonitrile containing 20 mM of glutaraldehyde was supplied to the PTFE 
tubing at a constant flow rate of 25 μL/min. A syringe pump (Model: NE-
4000) manufactured by New Era Systems (U.S.A.) was used to deliver both 
solutions. The mixed solution at the Y-junction was collected in a vial 
containing 3.0 mL of citrate buffer. In some experiments, one hundred 
milligrams of silica gel was added to the vial to form XCA-Si. After 
incubation at 4 
o
C for 12 h, the supernatant was decanted, and XCA-Si was 
washed with 3.0 mL of fresh citrate buffer. The amount of cellulase in the 
supernatant and washing buffer was determined by using the Bradford assay. 
The net amount of cellulase in XCA was calculated by subtracting the 
cellulase in the supernatant and wash buffer from the initial amount of 
cellulase. 
 
Figure 3.1. Experimental setup for the preparation of XCA colloids by using 
millifluidic reactors and subsequent adsorption of XCA colloids on silica gel. 
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3.2.3 Surface modification of silica gel 
Surface modification of silica gel to incorporate reactive aldehyde groups was 
carried out as described in the literature [147]. Briefly, 5.0 g of silica gel was 
stirred with 30.0 mL of 10% (v/v) APTES aqueous solution at 50 
o
C for 1 h. 
The APTES-modified silica gel was washed with excess deionized water and 
acetone to remove residual silanes, followed by drying at 100 °C for 3 h to 
cross-link silanol groups. Next, the APTES-modified silica gel was stirred 
with 100 mL of 5% (w/w) glutaraldehyde solution for 1 h. Then, it was 
washed with copious amount of deionized water and acetone to remove 
residual glutaraldehyde and dried at 100 °C for 2 h. 
 
3.2.4 Bradford assay 
Total protein concentration was determined by using Bradford assay [148] in 
which a dye coomassie brilliant blue G-250 was added to the protein solution. 
Upon binding to the protein, the dye was converted to a blue form and the 
absorbance at 595 nm was measured. Standard Bradford assay was conducted 
in a 96-well microplate by adding 150 µL of Bradford reagent and 25 µL of 
the sample solution into each well. After incubation at room temperature for 
15 min, the absorbance at 595 nm in each well was measured by using a 
microplate reader (TECAN, Switzerland). The cellulase concentration is 
determined by using a calibration curve. BSA solution was used as a standard 
solution. 
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3.2.5 DNS assay 
To determine the amount of reducing sugar in a solution, the DNS assay was 
used. This assay involves the oxidation of aldehydes present in reducing 
sugars by using 3,5-dinitrosalicylic acid (DNS). After the reaction, DNS is 
reduced to 3-amino,5-nitrosalicylic acid and that results in a color change from 
yellow to brown in the solution. First, DNS reagent was prepared as described 
in the literature [149]. This assay was conducted in a 96-well microplate by 
adding 25 µL of the sample solution and 150 µL of DNS reagent into each 
well. Then, the 96-well microplate was incubated in boiling water for 5 min, 
allowing the DNS reagent to develop its colour. After cooling down to room 
temperature, 100 µL of the solution from each well was transferred to another 
96-well microplate. The absorbance of each well at 540 nm was measured by 
using a microplate reader. 
 
3.2.6 Characterization of Particles  
The particle size of XCA colloids was measured by using Zetasizer 
manufactured by Malvern Instrument (U.K.) in the dynamic light scattering 
mode. The wavelength of the laser was 633 nm and power of 100 VA; the 
standard operating procedure was set up for measuring XCA’s size in water at 
25 
o
C. In each measurement, the sample was equilibrated for 60 s followed by 
11 runs (each run was 10 s). Particle size was calculated by using software 
provided by the manufacturer. Images of larger XCA were taken with an 
optical microscope (Olympus SZX16, Japan) equipped with a digital camera 
mounted on top of the microscope. Images of XCA colloids were taken by 
using scanning electron microscope (SEM) (JSM 5600LV). All samples for 
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SEM were dried in a vacuum oven at room temperature for 12 h. Then, they 
were coated with platinum by using a sputtering coater (JEOL LFC-1300). 
 
3.2.7 Enzymatic hydrolysis of CMC 
Hydrolysis of CMC was carried out in 2.5 mL of citrate buffer (0.05 M, pH 
4.8) with CMC (50 mg) as a substrate [149]. Different amounts of XCA 
colloids or XCA-Si were added to the buffer and incubated for 1 h at 50 
o
C. 
The amount of reducing sugar at the end of the reaction was measured by 
using DNS assay and converted to enzyme activity. One unit (U) of enzyme 
activity is defined as the amount of enzyme required to release 1 μmol of 
glucose per minute at 50 
o
C. The immobilized enzyme activity (U/g) was 
calculated by dividing the total enzyme activity by the net amount of cellulase 
in XCA-Si. To determine the optimal pH of XCA-Si, different buffers were 
used (citrate buffer for pH 3 – 6 and phosphate-buffered saline (PBS) buffer 
for pH 7 – 8), and the pH was adjusted accordingly. The temperature was 
maintained at 50 
o
C. To study the optimal temperature, citrate buffer (0.05 M 
and pH 4.8) was used. Each experiment was performed in triplicate. 
Corresponding standard deviation (SD) values were indicated as error bars in 
the figures. 
 
3.2.8 Reusability of XCA-Si 
To test the reusability of XCA-Si after hydrolysis of CMC, XCA-Si was 
collected at the end of hydrolysis by using centrifugation (4000 rpm) for 3 
min. Then, the XCA-Si was washed with 3.0 mL of fresh citrate buffer to 
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remove residual CMC. The amounts of leached cellulase in the hydrolysis 
buffer and the wash solution were measured with the Bradford assay. The 








   (3.1) 
where C0 is the initial amount of cellulase in XCA-Si, C1 is the total amount 
leached cellulase in hydrolysis buffer and C2 is the amount of leached 
cellulase in the wash solution. The used XCA-Si was stored at 4 °C for 24 h, 
and used in the next cycle of hydrolysis. 
 
3.3. Results and discussions 
3.3.1 Formation of XCA colloids using millifluidic reactors 
To prepare XCA colloids with a uniform size, we first developed a millifluidic 
reactor to mix cellulase solution and acetonitrile (as a precipitant) and 
glutaraldehyde (as cross-linker) at the Y-junction as shown in Figure 3.1. The 
mixed solution containing XCA colloids was dispensed at the end of the 
tubing (as droplets) into a vial containing 3.0 mL of citrate buffer. Figure 3.2c 
shows that XCA colloids disperse in citrate buffer homogenously. These 
particles are very stable and do not coalesce or precipitate over 24 h. Figure 
3.2d and Figure 3.2e shows that the size of the XCA colloids is narrowly 
distributed, and the average size is around 370 nm. For comparison, XCA 
prepared in a batch process (by simple mixing in a vial) is much bigger and 
has a board size distribution (Figure 3.2a and b). This result clearly shows that 
millifluidic reactors can be potentially useful for preparing XCA colloids with 
a uniform size. 






















Figure 3.2 (a) Appearance and (b) a microscopic image of XCA particles 
prepared in a batch process. (c) Appearance and (d) a SEM image of XCA 
colloids prepared in a millifluidic reactor and (e) Size distribution of XCA 
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3.3.2 Effect of acetonitrile concentration 
During the formation of XCA colloids shown above, acetonitrile was added to 
precipitate cellulase, allowing them to form physical aggregates before cross-
linking by glutaraldehyde. Thus, we hypothesized that the particle size of 
XCA colloids depends on the acetonitrile concentration. Thus, aqueous 
solutions containing different concentrations of acetonitrile were used to 
replace pure acetonitrile in the millifluidic reactor. The glutaraldehyde 
concentration was maintained at 30 mM in this experiment. Table 3.1 shows 
the effect of acetonitrile concentration on the particle size of XCA colloids. 
When the acetonitrile concentration is 25% (v/v), the particle size of XCA 
colloids is only 220 ± 10 nm. However, when the acetonitrile is increased to 
100% (v/v), the particle size of XCA colloids also increases to 390 ± 10 nm. 
This result shows that a higher acetonitrile concentration can cause the 
aggregation of cellulase more quickly to form bigger particles. This result also 
shows that the particle size can be controlled by using the acetonitrile 
concentration. 
Next, in order to understand whether XCA colloids prepared in the millifluidic 
reactor remain active or not, we performed hydrolysis of CMC by using XCA 
colloids. However, because XCA colloids were still suspended in citrate buffer 
(which also contained glutaraldehyde and acetonitrile), we decided to collect 
XCA colloids by adding silica gel to adsorb XCA colloids and form XCA-Si. 
After XCA-Si had precipitated at the bottom, it was collected and used for 
hydrolysis of CMC. Table 3.1 shows that the activity of the XCA-Si prepared 
by using 25% (v/v) acetonitrile is 189.9 ± 6.5 U/g. When pure acetonitrile is 
used, the enzyme activity of XCA-Si is 211.7 ± 6.2 U/g, which is the highest 
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among all samples tested. However, we did not see a strong correlation 
between the acetonitrile concentration and the enzyme activity. For example, 
when the acetonitrile concentration is 75% (v/v), the activity of immobilized 
enzyme becomes lower (129.2 ± 9.3 U/g). One possible reason is that free 
cellulase leached out from the XCA colloids also contributes to the hydrolysis 
of CMC. Indeed, when we checked the solution by using Bradford assay, 
some cellulase was present. When the acetonitrile concentration was 25% 
(v/v), there was 91 ± 7 μg of free cellulase in the final solution. Generally, the 
free cellulase detected in the solution decreases with the increasing of 
acetonitrile concentration. No free cellulase was present in the solution when 
pure acetonitrile was used as precipitant. To avoid cellulase leaching during 
the hydrolysis, pure acetonitrile was used in the following experiments. 
 








Free cellulase in the 
solution (μg) 
25 220 ± 10 189.9 ± 6.5 91 ± 7 
50 230 ± 12 138.7 ± 6.9 51 ± 5 
75 350 ± 20 129.2 ± 9.3 20 ± 3 
100 390 ± 10 211.7 ± 6.2 0 
 
3.3.3 Effect of glutaraldehyde concentration 
In our experiment, glutaraldehyde was used to cross-link cellulase aggregates 
to form XCA colloids [7]. Thus, we propose that if the concentration of 
glutaraldehyde is too low, some cellulase may not be cross-linked properly 
during the formation of XCA colloids. Furthermore, a low degree of cross-
linking means that some cellulase may leach out from the XCA colloids 
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during hydrolysis of CMC. On the other hand, when the glutaraldehyde 
concentration is too high, over cross-linking may deactivate cellulase. To 
study the effect of glutaraldehyde concentration, various concentrations of 
glutaraldehyde, ranging from 5 to 40 mM, were added to pure acetonitrile 
during the preparation of XCA colloids in millifluidic reactors. As shown in 
Table 3.2, an increase of the glutaraldehyde concentration results in higher 
percentage of cellulase cross-linked to XCA colloids. For example, when the 
glutaraldehyde concentration is 5 mM, only 48.7 ± 1.5% of cellulase is cross-
linked (based on the amount of cellulase present in XCA colloids), but this 
number increases to 73.1 ± 2.9% when the glutaraldehyde concentration is 40 
mM. Furthermore, cellulase leaching out from XCA colloids during hydrolysis 
of CMC also decreases with the increasing glutaraldehyde concentration. In 
Table 3.2, when the glutaraldehyde concentration is higher than 20 mM, there 
is no free cellulase leaching out from the XCA colloids during hydrolysis. 
Both results suggest that increasing glutaraldehyde concentration leads to a 
higher degree of cross-linking of cellulase and better stability during the 
formation of XCA colloids.  
 









in solution (μg) 
5 48.7 ± 1.5 182.3 ± 8.7 90 ± 7 
10 57.1 ± 2.1 208.9 ± 7.0 70 ± 4 
15 61.1 ± 2.3 210.8 ± 5.6 30 ± 2 
20 67.1 ± 2.5 233.9 ± 9.1 0 
25 68.7 ± 2.2 229.4 ± 7.4 0 
30 69.8 ± 2.7 211.7 ± 6.2 0 
35 70.1 ± 2.3 190.3 ± 8.5 0 
40 73.1 ± 2.9 170.0 ± 4.6 0 
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However, the activity of immobilized cellulase did not increase monotonically 
with increasing glutaraldehyde concentration used. The highest activity of the 
immobilized enzyme (233.9 ± 9.1U/g) was achieved when 20 mM of 
glutaraldehyde was used. This is probably because excessive cross-linking 
between an active site on the surface of enzyme blocked off the active sites, 
modified of some essential ε-amino groups, and reduced enzyme flexibility 
[29, 30, 72]. Thus, the determined optimum glutaraldehyde concentration for 
XCA colloids preparation was 20 mM. 
 















































Figure 3.3. Effect of flow rate (Q2) on the size of XCA colloids and its 
activity.  
 
One advantage of using millifluidic reactors for preparing XCA colloids is the 
ability to control the flow rate of each solution and mixing ratio precisely. To 
exploit this capability, we fixed the flow rate of the cellulase solution (Q1) at 
25 µL/min and varied the flow rate of organic solvent (Q2) between 25 and 
200 µL/min to study the effect of Q2 on the size and activity of XCA colloids. 
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Figure 3.3 shows that when Q2 was 25 µL/min, the particle size was 320 ± 14 
nm, but the size decreases with the increasing of Q2. This is probably because 
when the Q2 was increased, the contact time between cellulase and acetonitrile 
became shorter, resulting in a smaller particle size. However, when the flow 
rate of the organic solvent was higher than 100 μL/min, the sizes of XCA 
colloids were nearly unchanged (around 200 ± 17 nm). Meanwhile, the 
activity of XCA colloids also decreased with the increasing of Q2. Since the 
organic solvent also contains glutaraldehyde, we propose that the decreasing 
activity is due to the supply of excess glutaraldehyde during the formation of 
XCA colloids. This result is similar to that shown in Table 3.2. The increasing 
glutaraldehyde concentration leads to over cross-linking of cellulase and lower 
activity. For consistency, Q2 was fixed at 25 μL/min to prepare XCA colloids 
in the following experiments. 
The number of cellulase molecules in XCA particles was calculated, assumed 
that CLEA has similar structure as inorganic nanoparticles. The diameter of 
cellulase is ~5.9 nm [150, 151] and the packing density of close random 
packing for monodisperse spherical particle is 0.64 [152]. The number of 
cellulase molecules per CLEA particle and on the surface of each particle were 
102103 molecules and 8.7103 molecules, respectively. Although, there were 
thousands of cellulase was cross-linked in each XCA particle, the retained 
activity of XCA colloid was achieved around 80% of free cellulase, due to the 
porosity of its structure. 
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3.3.5 Enzyme Activity at different pH and temperature 
To investigate optimized conditions for hydrolysis of CMC with XCA-Si, we 
performed hydrolysis experiments at different pH and temperature. Figure 3.4 
showed normalized activities (by using the highest activity at pH 4.8) of XCA-
Si and free cellulase at different pH values. We can see that optimum pH for 
both XCA-Si and free cellulase are 4.8, and the effect of pH on their activities 
showed a similar trend between pH 3 and 8. This result implied that cellulase 
in XCA-Si resembled the original cellulase, despite the fact that they were 
cross-linked by glutaraldehyde.  










































Figure 3.4. Effect of pH on the enzyme activity of (a) XCA-Si (square) and 
(b) free cellulase (round) during hydrolysis of CMC at 50 
o
C for 1 h.  
 


















































Figure 3.5. Effect of temperature on the enzyme activity of (a) XCA-Si 
(square) and (b) free cellulase (round) during hydrolysis of CMC for 1 h.  
 
Figure 3.5 showed the normalized enzyme activity for XCA-Si and free 
cellulase, respectively, as a function of temperature. For XCA-Si, its activity 
increased with increasing temperature from 30 
o
C to 50 
o
C. At 50 
o
C, 
maximum activity was achieved. Interestingly, between 60 
o
C and 70 
o
C, the 
activity only declined slowly. Even when the temperature was 70 
o
C, the 
XCA-Si retained 74.8 ± 0.6% of its original activity. For comparison, the 
activity of the free cellulase dropped quickly when the temperature was higher 
than 50 
o
C. When the temperature was 70 
o
C, the activity of the free cellulase 
was 26.9 ± 2.5% of the activity at 50 
o
C. These results demonstrated that the 
cellulase in XCA colloids was more stable at a higher temperature. This 
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observation was consistent with many previous studies showing that 
immobilized enzymes are more thermally stable compared to free enzymes. 
 
3.3.6 Reusability of XCA-Si 
To test the reusability of XCA-Si, we performed 5 hydrolysis cycles by using 
the same XCA-Si. After each cycle, the XCA-Si was washed and used for the 
next cycle. Figure 3.6a showed that the normalized activity of XCA-Si 
decreases after each cycle. After 5 cycles of hydrolysis, only 20% of the 
original activity remained. We hypothesized that the decrease in activity could 
be either due to the leaching of cellulase or the cellulase inhibition during the 
hydrolysis [153]. Thus, to understand which factor caused the decrease in 
activity, we monitored the amount of cellulase leached out from the XCA-Si 
in each cycle. 
As shown in Figure 3.6b, 43% of cellulase leached out from XCA-Si and only 
57% of cellulase remains in XCA-Si after 5 cycles of hydrolysis. This 
phenomenon can be attributed to the weak physical adsorption of XCA 
colloids on silica gel surface. Thus, we concluded that the desorption of 
cellulase from XCA-Si is the main reason that caused the decrease of XCA-Si 
activity in each cycle. To prevent the leaching of XCA from the silica gel, the 
surface of the silica gel was modified by using glutaraldehyde to covalently 
immobilize XCA colloids on the silica gel (XCA-mSi). When this type of 
XCA-mSi was used in the hydrolysis experiments, the residual activity 
remains high at 67% of its original activity and only 9.6% of cellulase 
desorbed from the silica gel after 5 cycles. These results suggested that the 
decrease in activity of XCA-Si was not only caused by the desorption of 
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cellulase from silica gel’s surface but also by the inhibition of cellulase caused 
by cellobiose and polysaccharides produced during the hydrolysis [29, 73, 
153]. 












































Figure 3.6. (a) Yield of hydrolysis (%) of XCA-Si (gray bar) and XCA-mSi 
(white bar) after 5 cycles. (b) Leached cellulase (%) from XCA -Si (gray bar) 
and XCA-mSi (white bar) after 5 cycles. 
 
3.4. Conclusion 
Uniform XCA colloids can be prepared by using millifluidic reactors with 
several tunable parameters such as acetonitrile concentration, glutaraldehyde 
concentration, and flow rates. The size of the prepared XCA colloids can be 
controlled tightly between 200 and 400 nm. XCA colloids can easily adsorb 
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on the surface of silica gel to form XCA-Si as a practical biocatalyst for 
hydrolysis of CMC. The activity of XCA-Si was similar to that of the free 
enzyme at different pH and temperature, but it was more stable than free 
enzyme especially at high temperature. Another advantage of XCA-Si is that it 
can be recycled several times, but the desorption of XCA from the solid carrier 
remained a problem. The in situ removing of hydrolysis products and 
eliminating XCA desorption in the reaction mixture are the motivation for the 
studies in Chapter 4 and 5.  
Although Y-shape millifluidic reactors showed several advantages for 
preparing CLEA nanoparticles with a uniform size and spherical shape, some 
challenges remain. Firstly, the formation of CLEA by using the Y-shape 
millifluidic reactor was performed in a semi-batch process such that the mass 
transfer in this system was dominated by convection. Thus, formation of 
hollow CLEAs is challenging. Secondly, it was difficult to adjust the central 
position of the inner capillary due to the design of the reactor. Last but not 
least, scaling up of CLEA’s preparation to kilogram scale by increasing the 
diameter of the reactor is challenging. These issues are the motivations for 
replacing the Y-shape millifluidic reactor by the coaxial flow millifluidic 
reactor, which was used for forming the CLEA of other enzymes. The details 
of these studies were discussed in Chapter 6 and 7.
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CHAPTER 4 CONTINUOUS HYDROLYSIS OF 
CARBOXYMETHYL CELLULOSE WITH CELLULASE 
AGGREGATES TRAPPED INSIDE MEMBRANES 
 
In Chapter 3, the preparation of XCA colloids by using millifluidic reactors 
and their features are described. The uniform XCA colloids were successfully 
prepared, and immobilized cellulase in XCA showed higher thermal stability 
than free enzyme. However, we found that XCA activity was inhibited by 
hydrolysis products such as glucose and cellobiose. Therefore, we aimed to 
develop a continuous process for the hydrolysis of cellulose by using XCA 
colloids entrapped inside membranes. This is possible for XCA because its 
size is usually bigger than free cellulase. This design allowed in-situ removal 
of hydrolysis products as well as preventing the desorption of XCA particles 
from the solid carriers. 
 
4.1. Introduction 
Cellulose is the most abundant natural polymer [154] and has been considered 
as a renewable source for producing biofuels [155]. However, it is often 
necessary to hydrolyze cellulose to release glucose before fermentation 
because microorganisms cannot use cellulose directly. In the literature, 
hydrolysis of cellulose is accomplished by using acid hydrolysis [156, 157] or 
enzymatic hydrolysis [158]. However, acid hydrolysis is associated with high 
cost and corrosion problems. Furthermore, inhibitory compounds such as 
furfural and 5-hydroxymethyl-furfural are formed during acid hydrolysis [159, 
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160]. In contrast, enzymatic hydrolysis can be performed under mild 
conditions with less energy consumption, and no toxic inhibitors are produced 
during this process [161]. However, cellulase is much more expensive than 
inorganic acids [162-164]. Moreover, cellulase is unstable at high temperature, 
and its activity tends to decrease over time [18]. To reduce the cost of 
cellulase, recycling of cellulase needs to be considered [165, 166]. 
Currently, most enzymatic hydrolysis is carried out through batch processes in 
which hydrolyzing enzymes are in direct contact with intermediate products 
such as cellobiose and end products like glucose. However, both cellobiose 
and glucose are known to inhibit enzyme activity [167-169]. For example, 
Mandels and Reese reported [167] that competition between cellobiose and 
cellulose for active sites of cellulase results in inhibition of cellulase. Xiao et 
al. [169] indicated that glucose inhibits both endoglucanase and exoglucanase 
activities. They reported that activity of cellulase decreased by 53% when 
glucose and cellobiose concentrations were 20 g/L and 10 g/L, respectively. 
Ramos and co-worker [166] also reported that accumulated cellobiose and 
glucose slowed down the activity of cellulase. Thus, enzyme activity can be 
enhanced by removing cellobiose and glucose in situ during hydrolysis. 
However, it is quite difficult to remove cellobiose and glucose continuously in 
a batch process. Another issue in batch processes is the difficulty to separate 
used cellulase from hydrolysis mixtures. To separate cellulase, ultrafiltration 
[165, 170], adsorption [166], immobilization [171] or re-adsorption [172] were 
employed. For example, Tjerneld and co-workers [165] recovered used 
cellulase by using membrane ultrafiltration. Although this process is 
straightforward, membrane fouling was observed. Liu et al. [170] developed a 
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membrane bioreactor in which cellulose and cellulase were held in one 
chamber while cellobiose and glucose were allowed to pass through the 
membrane during hydrolysis. However, this bioreactor required high energy 
input and the volume was small. Alternatively, cellulase can be recovered by 
cooling [166] or addition of surfactants such as Tween 80 [172], but an 
additional filtration step is always needed to collect enzymes. Another strategy 
to recycle cellulase is enzyme immobilization through adsorption or covalent 
bonding with solid carriers [7, 33, 142]. However, denaturation of enzymes 
[39] and slow mass transfer [38] are common problems encountered in 
immobilized enzymes. For instance, immobilized cellulase on silica gel 
retained only 1 – 6% of its original activity [143], and cellulase immobilized 
on magnetite nanoparticles retained only 19% of its original activity [142]. 
Cellulase can also be immobilized in alginate beads, but its activity is also 
quite low (~ 10%) due to slow mass transfer and enzyme leakage [173]. 
Recently, CLEAs were proposed as a means to immobilize enzymes as small 
aggregates [40, 41]. For example, we demonstrated that hybrid CLEA 
cellulase on silica gel [73] could be used to hydrolyze CMC with high activity. 
After 6h of reaction, 5.0 g/L of glucose was produced from CMC when hybrid 
CLEA cellulase was used. However, product (glucose) inhibition on CLEA 
cellulase was observed, and separation of hybrid CLEA cellulase from the 
reaction mixture is a problem. Another issue is that CLEA prepared in a batch 
process is not uniform in size. In Chapter 3, we introduced the employment of 
millifluidic technology to prepare cross-linked cellulase aggregates (XCA) 
colloids [174] with a uniform size distribution between 200 nm and 400 nm. 
Our results showed that XCA colloids resemble the original cellulase and have 
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higher stability at high temperature. The inhibition of hydrolysis products and 
desorption of XCA colloids from silica gel are the remaining issues.  
In this chapter, we developed a process for the continuous hydrolysis of CMC 
by using XCA trapped inside a membrane. In this set-up, XCA and reaction 
mixture can be separated readily by the membrane. Furthermore, intermediate 
products such as glucose can be removed in situ by the flowing solution, and 
their inhibition on the cellulase is minimized. However, to ensure that XCA 
colloids have high surface areas and can be trapped inside the membrane, their 
sizes need to be controlled precisely. We used millifluidic reactors to prepare 
XCA colloids which can be trapped inside a membrane as a biocatalyst. 
Experiments were designed to understand the collection efficiency of the 
membrane under different filtration rates. Operating parameters such as flow 
rates, substrate concentrations during the hydrolysis reaction were also 




Polytetrafluoroethylene (PTFE) tubing (ID 0.8 mm, OD 2.4 mm) and 96-well 
microplates were purchased from Cole Palmer (Singapore). Fluorinated 
ethylene propylene (FEP) tubing (ID 0.8 mm, OD 1.6 mm) was obtained from 
IDEX Health & Science (Singapore). Stainless steel microcapillary (ID 184 
μm, OD 362 μm) was obtained from Hamilton. Cellulase (Trichoderma reesei 
ATCC 26921) solution, Whatman® Nuclepore
TM
 polycarbonate track-etched 
membrane (pore size = 0.2 μm), glutaraldehyde, sodium carboxymethyl 
cellulose (CMC), acetic acid, sodium acetate, sodium hydroxide, 3,5-
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dinitrosalicylic acid (DNS), sodium potassium tartrate, sodium metabisulfite, 
phenol, BSA and Bradford reagent were purchased from Sigma Aldrich 
(Singapore). Acetonitrile was purchased from Fisher. Polyethersulfone (PES) 
membrane (Minisart®, pore size = 0.2 μm) were provided by Sartorius 
(Singapore). All chemicals were used as received without further purification. 
 
4.2.2 Trapping XCA colloids inside PES membranes 
Details of preparing XCA colloids can be found in Chapter 3 [174]. We chose 
cellulase from Trichoderma reesei as a model cellulase because it is the most 
well-studied cellulase system, and it can be used to convert native cellulose 
and derived cellulose into glucose with high efficiency. A millifluidic reactor 
with a Y-junction was used to prepare XCA colloids. Acetate buffer 
containing 15 mg/mL of cellulase and acetonitrile containing 20 mM of 
glutaraldehyde were injected to the millifluidic reactor using a syringe pump. 
Flow rates of both solutions were maintained at 25 μL/min. The mixed 
solution containing XCA colloids was dispensed into acetate buffer, allowing 
the cross-linking reaction to complete. Next, acetate buffer containing 4.5 mg 
of XCA colloids was filtered through a PES membrane at a flow rate of 50 
μL/min (as shown in Figure 4.1). To remove loosely bounded XCA, the 
membrane was rinsed with 3.0 mL of fresh acetate buffer at 50 μL/min. All 
acetate buffers exiting the membrane were combined, and the amount of 
cellulase in the solution was determined by using Bradford assay [148].  




Figure 4.1. Schematic diagrams for (a) preparation and collection XCA 
colloids on a membrane and (b) hydrolysis of CMC by using the membrane 
with XCA colloids inside 
 
4.2.3 Bradford assay  
Protein concentration was determined by using Bradford assay [148]. This 
assay is based on the formation of protein-dye complex between proteins and a 
dye coomassie brilliant blue G-250. The dye changes its color from red to blue 
when it complex with proteins. This assay was conducted in a 96-well 
microplate by adding 250 µL of Bradford reagent and 5 µL of the sample 
solution into each well. After incubation at room temperature for 15 min, 
absorbance at 595 nm in each well was measured by using a microplate reader 
(TECAN, Switzerland). BSA solution was used as a standard solution to 
determine the concentration of free cellulase in solutions.  
 
4.2.4 DNS assay 
The amount of reducing sugar in a solution was measured by using DNS 
reagent [149], which can react with aldehydes of reducing sugars to give a 
color product 3-amino,5-nitrosalicylic acid. This assay was conducted in a 96-
well microplate with 25 µL of the sample solution and 150 µL of DNS reagent 
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in each well. Then, the microplate was incubated in boiling water for 10 min, 
allowing the brown color to develop. The absorbance of each well at 540 nm 
was measured by using a microplate reader to determine the reducing sugar 
concentration. 
 
4.2.5 Enzymatic hydrolysis of CMC  
Enzymatic hydrolysis of CMC was carried out in a reactor which consists of a 
piece of tubing and a PES membrane with XCA colloids as a catalyst. The 
experimental set-up is shown in Figure 4.1b. CMC [175] was chosen as a 
model substrate because it is soluble in water. To hydrolyze CMC, acetate 
buffer (0.05 M, pH 4.8) containing 20.0 g/L of CMC was pumped into the 
reactor at a constant flow rate (2 μL/min). Reaction temperature inside the 
reactor was maintained at 50 
o
C. At different time intervals, solutions were 
collected from the outlet of the reactor and reducing sugar concentration 
(RSC) (g/L) and free cellulase in the solution were measured by using DNS 
assay [149] and Bradford assay [148], respectively. Each experiment was 
performed in triplicate. Corresponding standard deviation (SD) values were 
indicated as error bars in the figures. 
To compare the activity of immobilized cellulase in batch and continuous 
hydrolysis process, the values of enzyme activity of XCA were determined. 
One unit (U) of enzyme activity is defined as the amount of enzyme required 
to release 1 μmol of reducing sugar per minute at 50 oC. The activity of 
enzyme (E) in the reactor was calculated as: 
mol reducing sugar released
E(U/g)=
t (min)×g cellulase in reactor

  (4.1) 
  Chapter 4 
62 
 
4.2.6 Long-term stability of XCA colloids 
To test the long-term stability of XCA colloids trapped in PES membranes, 90 
membranes with XCA colloids were stored at 4 
o
C until use. Each day, three 
membranes were taken out for hydrolysis of CMC. Based on the RSC, the 
activity of XCA colloids was calculated. 
 
4.2.7 Scanning electron microscopy (SEM) 
SEM (JSM 5600LV) was used to capture images of XCA colloids. The SEM 
was operated at 10 kV. To observe XCA colloids under SEM, a droplet of 
XCA colloids was dispensed on a polycarbonate track-etched membrane and 
dried in a vacuum oven overnight. A thin layer of platinum was coated on the 
surface by using a sputtering coater (JEOL LFC-1300).  
 
4.3. Results and discussions 
4.3.1 Collection of XCA colloids on PES membranes  
 
Figure 4.2.SEM micrographs of XCA colloids on the surface of polycarbonate 
track-etched membrane 
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To collect XCA colloids on a PES membrane, XCA colloids must have a 
bigger size than the average pore size (220 nm) of the membrane. Figure 4.2 
shows XCA colloids prepared by using a millifluidic reactor under SEM. 
These XCA colloids are spherical and have an average size about 350 nm. On 
the basis of the particle size, we proposed that they are big enough to be 
collected by using the membrane. However, if the filtration rate is too high, 
some XCA colloids may still be forced through the membrane. To determine 
the best filtration rate, we filtered solutions containing XCA colloids through 
the membrane at different rates. Herein, the collection efficiency (η) for XCA 








    (4.2) 
where: C0 is the initial amount of XCA colloids and C1 is the amount of XCA 
colloids which was not collected by the membrane. 













Figure 4.3. Effect of filtration rate of XCA colloids on the collection 
efficiency (η) (%) of the membrane. More than 80% of collection efficiency 
can be achieved under all filtration rates. The initial amount of XCA colloids 
in acetate buffer is 4.5 mg.  
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Figure 4.3 shows the collection efficiency as a function of filtration rates. It 
can be seen that the collection efficiency decreases with increasing filtration 
rate. When the filtration rate was 100 μL/min, 85.9 ± 0.1% of XCA colloids 
was collected by the membrane. However, when the filtration rate was 125 
µL/min, the collection efficiency decreased to 81.8 ± 4.8%. This result 
suggests that at a high filtration rate, some XCA colloids may pass through the 
membrane or break into smaller particles (because of shear stress). To achieve 
high collection efficiency for XCA colloids, the filtration rate was maintained 
at 75 μL/min. Under this condition, 87.1 ± 0.9% of the XCA colloids were 
captured by the membrane. 
 
4.3.2 Hydrolysis of CMC by using XCA colloids 
Next, we used the XCA colloids collected by the membrane to hydrolyze 
CMC (a soluble form of cellulose) to determine the activity of XCA colloids. 
In this experiment, acetate buffer containing 20 g/L of CMC flowed through 
the membrane continuously. The flow rate of the buffer was maintained at 40 
μL/min, and the hydrolysis reaction lasted for 72 h. Every hour, the solution at 
the outlet was collected and analyzed to determine the RSC. Figure 4.4a 
shows that the RSC gradually decreased over time. After 1 h, the RSC was 1.0 
± 0.00 g/L. After 4 h, the RSC decreased to 0.7 ± 0.01 g/L. After 72 h, this 
value further reduced to 0.6 ± 0.01 g/L. We calculated the enzyme activity 
based on the RSC values. Figure 4.4a shows that the activity of XCA colloids 
gradually decreased over a period of 72 h. However, the enzyme activity 
stabilized after 5 h. The initial drop in the enzyme activity during the first 5 h 
is probably caused by enzyme leaching or substrate inhibition. 
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Figure 4.4: RSC (g/L) (square) and enzyme activity (U/g) (cross) in (a) 
continuous and (b) batch process at 50 
o
C, pH 4.8. The concentration and flow 
rate of CMC in acetate buffer was fixed at 20 g/L and 40 µL/min. 
 
For comparison, we also conducted the hydrolysis experiment in a batch mode 
by immersing the membrane into 2.5 mL of acetate buffer containing 20 g/L 
of CMC for 72 h. Figure 4.4b shows that the RSC was 0.6 ± 0.01 g/L after 1 
h. Subsequently, it increased to 1.6 ± 0.2 g/L and then 2.1 ± 0.1 g/L after 12 h 
and 72 h, respectively (Figure 4.4b). The increase in RSC is mainly due to the 
accumulation of reducing sugar as the hydrolysis continued. If we consider 
enzyme activity (it can be calculated by taking the difference of RSC between 
two-time points), then the enzymatic activity dropped quite significantly over 
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72 h, from 33.6 ± 1.4 U/g to 1.7 ± 0.06 U/g. This result can be explained by 
end-product inhibition. Because hydrolytic products such as cellobiose and 
glucose are strong inhibitors for cellulase, accumulation of these products can 
lead to strong inhibition of cellulase as shown in Figure 4.4b [73, 168]. These 
results, when combined, show that the continuous process using a membrane 
and immobilized XCA colloids is more efficient than the traditional batch 
process. This is because in the continuous process, the inhibitors are 
constantly removed by the flowing solutions. 
 
4.3.3 Effect of flow rate 
To test the performance of XCA colloids under different flowing conditions, 
we varied the flow rates of the CMC solution between 2 and 160 μL/min. 
Then, we measured the RSC and amount of XCA in the solution leaving the 
reactor.  
Figure 4.5a shows that the RSC decreased with increasing flow rate of the 
CMC solution. When the flow rate of CMC was 2 μL/min, the RSC reached 
2.9 ± 0.08 g/L. However, when the flow rate was 160 μL/min, the RSC was 
only 0.1 ± 0.01 g/L. This result is expected because hydrolysis of CMC is a 
very slow reaction. When the flow rate was 160 μL/min, the mean residence 
time was only 2.3 min, which was insufficient for the reaction to reach 
equilibrium. Although it is desirable to decrease the flow rate below 2 μL/min 
to increase the yield; the productivity also decreases as a result. Another 
problem is that the syringe pump used in the experiment cannot sustain a flow 
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rate less than 2 μL/min. Therefore, 2 μL/min was the minimal flow rate tested 
in this study. 
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Figure 4.5. Effect of CMC’s flow rate on (a) the RSC (g/L) and (b) the 
leaching of immobilized cellulase (%) during continuous hydrolysis of CMC 
for 4 h at 50 
o
C. CMC’s concentration in acetate buffer was fixed at 20 g/L. 
 
In terms of leaching XCA colloids under different flow rates, Figure 4.5b 
shows that when the flow rate was 20 μL/min or lower, there were no XCA 
colloids leaching from the membrane. However, when the flow rate was above 
20 μL/min, some XCA colloids leached out. When the flow rate of CMC was 
40 μL/min, there was 7.2 ± 0.02 μg of XCA colloids detected in the solution 
after 4 h of reaction. If the CMC flow rate was further increased to 160 
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μL/min, then 46.8 ± 0.9 μg of XCA colloids was found in the solution. 
However, we point out that even at the highest flow rate, only 1.0% of XCA 
colloids leached from the membrane. This result indicated that the desorption 
of XCA colloids from the membrane is minor comparing to XCA colloids 
adsorbed on silica gel [174]. To maximize the yield and minimize the leaching 
of XCA colloids, the flow rate of the CMC solution was fixed at 2 μL/min in 
the following experiments. 
 
4.3.4 Effect of substrate concentration  
To investigate the effect of substrate concentration, we varied the CMC 
concentration from 1 g/L to 20 g/L.  









































Figure 4.6. Effect of CMC concentration on the RSCs (g/L) (cross) and 
hydrolysis efficiency (square) (%) during continuous hydrolysis of CMC for 4 




As shown in Figure 4.6, RSC increased with increasing CMC concentration. 
This is because, as the CMC concentration increases, more substrates passed 
through the reactors, and more reducing sugars can be produced. However, the 
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hydrolysis efficiency declined rapidly when the concentration of CMC was 
increased. The highest hydrolysis of efficiency was 53.9 ± 0.4% when the 
CMC concentration was 1.0 g/L. This is expected because the substrate-to-
enzyme ratio is higher at a lower substrate concentration, and that leads to the 
highest yield. 
 
4.3.5 Stability of XCA  
To study the long-term stability of XCA colloids under storage (4 
o
C), we 
stored 90 samples (membrane + XCA colloids) in a refrigerator. Each day, 3 
samples were taken for hydrolysis of CMC (20.0 g/L) and the average enzyme 
activity was determined. Figure 4.7 shows the enzymatic activity of XCA 
colloids over a period of 30 days. In this figure, we can see that the enzymatic 
activity only dropped around 10% over 30 days. This result suggests that XCA 
colloids stored at 4 
o
C are relatively stable. 
To examine the enzyme stability under optimal conditions, a long-time 
experiment of continuous hydrolysis of cellulose was carried. Three samples 
(membrane + XCA colloids), containing 4.5 mg of XCA colloids were 
prepared. The flow rate of 20.0 g/L CMC solution was fixed at 2 μL/min. The 
amount of remained XCA colloids on the membrane and reducing sugar 
produced during 72 h of hydrolysis was investigated. After 12 h, the RSC was 
around 2.8 ± 0.00 g/L and this value slightly decreased to 2.5 ± 0.02 g/L after 
48 h. Our results also showed that after 72 h, 97.5 ± 1.3% of the XCA colloids 
remained on the surface of the membrane and the RSC was 2.5 ± 0.01 g/L. 
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These results suggest that XCA colloids trapped inside the membrane are very 
stable even after long operation hours. 






















Time (days)  
Figure 4.7. Stability of XCA stored at 4 
o
C over 30 days. 
 
4.4. Conclusion 
A continuous process for hydrolysing CMC by using a membrane and XCA 
colloids was developed in this study. XCA colloids of similar sizes can be 
trapped inside the membrane and used as a catalyst for hydrolysing CMC in a 
continuous mode. In the continuous process, XCA colloids were not inhibited 
by inhibitors (such as glucose and cellobiose) since they are constantly 
removed from the reaction mixture. Thus, the continuous process is more 
efficient, and XCA colloids show higher activity compared to traditional batch 
processes. XCA colloids trapped inside the membrane also show high 
stability. They can be stored for 30 days and still maintained more than 90% 
of its original activity. This study demonstrates a simple solution to avoid 
enzyme inhibition when the enzyme can be inhibited by its products. 
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CHAPTER 5 ENTRAPMENT OF CROSS-LINKED CELLULASE 
COLLOIDS IN ALGINATE BEADS FOR HYDROLYSIS OF 
CELLULOSE 
 
Besides entrapping inside PES membrane for conducting the continuous 
hydrolysis of cellulose, XCA colloids can also be immobilized in alginate, 
which was investigated in discussed in this chapter. The objective of this study 
was to assess the viability of using entrapped XCA colloids in alginate beads 
as practical biocatalysts for hydrolysis of cellulose substrates. 
 
5.1. Introduction 
Enzymes can be immobilized in calcium alginate or κ-carrageenan hydrogels 
formed by ion-exchange processes [176]. Because enzymes are physically 
trapped inside hydrogels with water, conformations of enzymes are not 
affected. Thus, activities of enzymes are largely preserved after enzyme 
immobilization. The hydrogels also provide physical barriers to protect 
enzymes from harsh environments. Because most hydrogels have high water 
content and large pore sizes (from 5 – 200 nm) [177], they allow free diffusion 
of substrates into the hydrogels for enzyme-catalyzed reactions. In the past, 
Kumar and co-workers [178] reported entrapment of α-amylase in alginate 
beads, in which the enzyme retained 76% of its original activity and showed 
better thermal stability. Tanriseven et al. [179] demonstrated that immobilized 
invertase (an enzyme that catalyzes the hydrolysis of sucrose) in alginate 
beads was more stable at high pH and high temperature. However, an inherent 
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problem associated with immobilized enzymes in alginate beads is enzyme 
leaching. Because enzyme molecules are smaller than the average pore size of 
alginate beads, they can leach out from the alginate beads during reactions [34, 
180]. For example, Yadav et al. [181] reported that immobilized lipase in 
alginate beads gradually leached out. After 4 cycles, the alginate beads with 
immobilized lipase only left with 21.1% of their original activity. Andriani 
and co-workers [173] immobilized cellulase in alginate beads, but they 
observed less than 10% of cellulase activity remained after multiple uses of 
the beads. Xu et al. [182] reported leaching of immobilized yeast alcohol 
dehydrogenase (YADH) from alginate beads. YADH activity was lost 
completely after 10 cycles. Leaching of immobilized lipase from alginate 
beads was also reported by Won and co-worker [34]. Currently, various 
methods have been employed to prevent enzyme leaching from alginate beads. 
These methods include coating the surface of alginate beads with silica or 
increasing the size of enzymes [182-185]. For example, Gulay and co-worker 
[184] reported the immobilization of esterase in alginate beads coated with a 
layer of silica. The silica-coated alginate beads retained 80% of enzyme 
activity whereas non-coated alginate beads only retained 30% of activity after 
3 cycles of reactions. However, coating alginate beads with silica requires 
additional working steps, and the coating layer may reduce the diffusion of 
substrates into the beads [182]. Another strategy to overcome the enzyme 
leaching problem is to cross-link enzymes together to form large enzyme 
aggregates before immobilization. The large size of enzyme aggregates 
naturally prevented the leakage of the enzyme from the alginate beads [185, 
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186]. However, cross-linked enzymes may lose their activities due to the 
blocking of active sites or to alter protein structures.  
Formation of cross-linked enzyme aggregates (CLEAs), introduced by 
Sheldon and co-workers [70, 88], is a promising strategy to cross-link 
enzymes with minimal effects on their activities. CLEAs can be prepared in a 
two-step process: precipitation of enzymes from aqueous solutions to form 
physical aggregates followed by cross-linking of enzyme aggregates by using 
bifunctional reagents such as glutaraldehyde [88]. Because physical 
aggregates are formed first, enzymes in CLEAs usually maintain their 
structures and conformations after cross-linking [74, 187]. In some cases, 
enzymes in CLEAs even showed higher activities and better stability than free 
enzymes [188]. Because the size of CLEAs prepared in batch processes often 
falls in the range of 5 – 100 µm [70], immobilized CLEAs in alginate beads 
did not experience leaching problems [40, 70, 131, 136, 137, 185, 189]. For 
example, Xu and Yang [136] reported the encapsulation of CLEA tyrosinase 
in alginate beads. The immobilized CLEA tyrosinase retained 100% of its 
initial activity up to 6 cycles. Wu and co-workers demonstrated that CLEA 
lipase in alginate beads has higher stability and the leaching of immobilized 
lipase was prevented [185]. Cui et al. [131] reported entrapment of CLEA 
phenylalanine ammonia lyase in mesoporous silica microparticles without 
leaching over 10 days. Haider and Husain [137] also reported the 
immobilization of β-galactosidase in alginate beads, and the leaching of β-
galactosidase from the alginate beads was successfully prevented. As 
mentioned in Section 2.4.3, particle size and the degree of cross-linking of 
CLEAs in these studies were not precisely controlled. Apparently, if the 
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particle size of CLEAs is too small, leaching of CLEAs from alginate beads 
may still occur. On the other hand, if the particle size of CLEAs is too big, 
then many enzyme molecules will be buried inside the particles and wasted. 
An optimal particle size is, therefore, important to prevent the leaching 
problem while maintaining high enzyme activity. Recently, millifluidic 
reactors were exploited to control reaction conditions for synthesis of highly 
uniform nanoparticles [115, 118]. As mentioned in Chapter 3, a millifluidic 
reactor was developed to synthesize cross-linked cellulase aggregates (XCA) 
colloids with a uniform size distribution. These sub-micrometer-size XCA 
particles could be dispersed in acetate buffer to form homogenous colloidal 
suspensions [187, 190]. However, XCA colloids are too small to be recovered 
and reused after catalytic reactions. When centrifugation was used to 
precipitate XCA colloids from the aqueous buffer, they formed big clumps and 
could not be re-suspended in acetate buffer again [70].  
In view of limitations mentioned, we proposed that XCA colloids can be 
immobilized in alginate beads as practical biocatalysts for hydrolysis of 
cellulose substrates. Since XCA colloids form a uniform suspension, they can 
be dispersed and immobilized uniformly inside alginate beads. On the other 
hand, the large alginate beads can be easily recovered using a simple filtration 
process without causing XCA colloids to form big clumps. To test this 
proposition, uniform XCA colloids were prepared by using a millifluidic 
reactor and immobilized in alginate beads. Next, fluorescent microscopy and 
hydrolysis experiments were carried out to determine if XCA colloids leached 
out from the alginate beads. Finally, hydrolysis experiments were conducted to 
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Polytetrafluoroethylene (PTFE) tubing (ID 0.8 mm, OD 2.4 mm) and 96-well 
microplates were purchased from Cole Palmer (Singapore). Fluorinated 
ethylene propylene (FEP) tubing (ID 0.8 mm, OD 1.6 mm) was obtained from 
IDEX Health & Science (Singapore). Stainless steel microcapillary was 
obtained from Hamilton (ID 184 µm, OD 362 µm). Cellulase (Trichoderma 
reesei ATCC 26921) lyophilized powder, glutaraldehyde, sodium 
carboxymethyl cellulose (CMC) (90000 g/mol), microcrystalline cellulose 
(MCC) (20 µm), sodium hydroxide, 3,5-dinitrosalicylic acid, sodium 
potassium tartrate, bovine serum albumin, sodium alginate powder, 
fluorescein isothiocyanate (FITC), sodium carbonate, anhydrous dimethyl 
sulfoxide (DMSO) and Bradford reagent, were purchased from Sigma-Aldrich 
(Singapore) and used as received. Acetonitrile was purchased from Fisher and 
used as received. Calcium chloride dehydrate, sodium acetate were purchased 
from Alfa Aesar and used as received. Palm oil fibers were obtained from 
Masai Palm Oil Mill (Malaysia) and mechanically milled to fine particles with 
an average diameter of 500 μm, then, they were pretreated with 2% (w/v) of 
sodium hydroxide solution at 100 
o
C. After 12 h of incubation, the palm oil 
fibers were rinsed with DI water and dried in a 100 
o
C oven for 12 h. 
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5.2.2 Formation and immobilization of XCA colloids 
A typical procedure for preparing XCA colloids can be found Chapter 3 [187]. 
A schematic illustration of the experimental procedure is shown in Figure 5.1. 
Briefly, a millifluidic reactor with a Y-junction was used to mix acetate buffer 
containing 15 mg/ml of cellulase (350.0 U/g) and acetonitrile containing 20 
mM of glutaraldehyde at the Y-junction. Flow rates of both solutions were 
maintained at 25 μL/min by using a syringe pump (PhD 2000-22). The mixed 
solution containing XCA colloids was dispensed into acetate buffer (0.05 M, 
pH 4.8), allowing the cross-linking reaction to complete within 1 h. Next, 3.0 
mL of acetate buffer containing 3.0 mg of XCA colloids (300.0 U/g) or free 
cellulase was mixed with sodium alginate solution. The mixed solution was 
dispensed into a calcium chloride solution (30 mL) through a 22G needle at a 
flow rate of 50 μL/min. The mixture was stirred for 30 min to ensure sufficient 
cross-linking of the alginate gel beads. Subsequently, the beads were collected 
using filtration and washed with deionized water (30 mL) twice. The finished 
beads were placed on a piece of filter paper for 30 min to drain the water. 
They were stored at 4 
o
C before use. Both calcium chloride and washing 
solutions were collected for determining immobilization efficiency of XCA 
colloids. The exact amount of immobilized XCA colloids (or cellulase) in 
alginate beads were calculated as: 
) - C - C(CC 210 =    
(5.1) 
where C is the total amount of immobilized XCA colloids, C0 is the initial 
amount of cellulase (3.0 mg), C1 is the amount of cellulase (mg) in the 
supernatant, and C2 is the amount of soluble cellulase in the washing solution. 





Figure 5.1. (a) A two-step process for preparation and immobilization of XCA 
colloids in alginate beads. (b) Alginate beads containing XCA colloids before 
(left) and after (right) 48 h of incubation with pretreated palm oil fiber. 
 
5.2.3 Enzymatic hydrolysis of cellulose 
Hydrolysis of cellulose was carried out in acetate buffer (0.05 M, pH 4.8) with 
CMC as a substrate [191]. One hundred milligrams of CMC and 2.9 g of 
alginate beads containing 3.0 mg of immobilized XCA colloids were added to 
5.0 mL of buffer and incubated at 50 
o
C under constant shaking (150 rpm). 
After 2 h of reaction, reducing sugar concentrations (RSC) were measured by 
using DNS assay [148]. Each experiment was performed in triplicates to 
obtain a mean value. Corresponding standard deviation (SD) values were 
indicated as error bars in the figures.  
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Hydrolysis of different cellulose substrates was conducted in acetate buffer 
(50 mL) with 30 mg of XCA colloids (immobilized in alginate beads) as 
catalysts. One thousand milligrams of different substrates including CMC, 
MCC, and pretreated palm oil fibers (1000 mg) were added to buffer solution, 
respectively, for hydrolysis. The reaction mixtures were placed in a water bath 
(50 
o
C, 150 rpm). After 48 h of hydrolysis, reducing sugar and protein 
concentrations in the supernatant were measured by using DNS assay and 
Bradford assay, respectively. 
 
5.2.4 Bradford assay  
Protein concentration was determined by using Bradford assay [192], which is 
based on the formation of protein-Coomassie brilliant blue G-250 dye 
complex. Under acidic conditions, the dye is in the protonated red form. When 
the dye binds to the protein, it is converted to a un-protonated blue form. This 
assay was conducted in a 96-well microplate by adding 250 µL of Bradford 
reagent and 5 µL of the sample solution into each well. After incubation at 
room temperature for 15 min, absorbance at 595 nm in each well was 
measured by using a microplate reader (TECAN, Switzerland). BSA solution 
was used as a standard solution to determine the concentration of free 
cellulase. XCA solution was used as a standard solution to determine the 
concentration of XCA. 
 
5.2.5 DNS assay 
RSC (g/L) in a solution was measured by using DNS reagent [191], which can 
react with aldehydes of reducing sugars to give a color product 3-amino, 5-
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nitrosalicylic acid. This assay was conducted in a 96-well microplate with 25 
µL of the sample solution and 150 µL of DNS reagent in each well. Then, the 
microplate was incubated in boiling water for 10 min, allowing a brown color 
to develop. The absorbance of each well at 540 nm was measured by using a 
microplate reader to determine the reducing sugar concentration. 
 
5.2.6 Stability of Immobilized Enzymes in Alginate Beads 
Alginate beads containing either XCA colloids or cellulase were incubated in 
acetate buffer (0.05 M, pH 4.8) with different temperatures (from 60 to 80 
o
C). 
Thermal stability of cellulase was assessed based on remaining cellulase 
activity after different incubation times. 
 
5.2.7 Leaching test 
To test for leaching of XCA colloids from alginate beads, alginate beads were 
collected at the end of hydrolysis. Then, the beads were washed with 5.0 mL 
of fresh acetate buffer to remove residual CMC and cellulase on the surface. 
Concentrations of cellulase in the hydrolysis buffer (Ci), in wash solution (Cj) 
were measured by using Bradford assay [149]. The percentage of remaining 
cellulase in the alginate beads was calculated as:  
C
) -  - (




where C is the initial amount of cellulase in the alginate beads. The used 
alginate beads were stored at 4 °C for 24 h before the next cycle of hydrolysis. 
Furthermore, to visualize the distribution and leaching of cellulase from 
alginate beads, FITC-label cellulase (FITC-cellulase) was used to prepare 
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FITC-XCA colloids. The procedure for preparing FITC-cellulase can be found 
elsewhere [193]. Beads containing either FITC-cellulase or FITC-XCA were 
immersed in acetate buffer. Fluorescent images of the alginate beads were 
taken at 0 and 3 h, respectively, by using an optical microscope (Nikon 
ECLIPSE LV100POL, Japan) with a digital camera mounted on top. A 10x 
magnification lens was used with a fixed exposure time of 4 s.  
 
5.2.8 Characterization of XCA colloids 
Images of XCA colloids in alginate beads were taken using a scanning 
electron microscope (SEM, model: JSM 5600LV). All samples for the SEM 
were dried in a freeze drier overnight and coated with platinum using a 
sputtering coater (JEOL, LFC-1300). 
 
5.3. Results and discussions 
5.3.1 Immobilization of XCA colloids in alginate beads 
Uniform XCA colloids were first prepared by using a millifluidic reactor. 
Then, they were immobilized in alginate beads by dripping a sodium alginate 
solution (containing XCA colloids) into a calcium chloride solution as shown 
in Figure 5.1a. Unlike normal alginate beads which are semi-transparent, the 
finished alginate beads containing XCA colloids looked very cloudy (Figure 
5.1b) due to the presence of the colloids. Figure 5.2a shows a cross-section 
view of an alginate bead with immobilized XCA colloids under SEM. Several 
spherical XCA colloids (average size of 300 nm) were clearly visible inside 
the beads. These colloids distributed uniformly inside the beads without 
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forming big clumps. This result shows that XCA colloids were successfully 
immobilized inside the alginate beads. 
 
Figure 5.2. (a) SEM micrograph of XCA colloids immobilized inside alginate 
beads. XCA colloids are spherical particles and distributed uniformly inside 
the beads; (b) Fluorescent images of alginate beads containing immobilized 
FITC-XCA colloids and FITC-cellulase after incubation in acetate buffer for 3 
h. 
 
The first hypothesis in this study is that immobilized XCA colloids do not 
leach out from the alginate beads due to their big size (~300 nm in diameter). 
To test this hypothesis, we prepared XCA colloids with fluorescently-labelled 
cellulase and conducted leaching experiments. Alginate beads containing 
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fluorescently-labelled XCA colloids were incubated in acetate buffer to 
determine if XCA colloids leached out from the beads. After 3 h of incubation, 
the alginate beads and incubation buffer were collected for analysis. 
Fluorescent images in Figure 5.2b show that the alginate beads and buffer did 
not change after incubation. Therefore, it can be concluded that the 
immobilized XCA colloids did not leach out from the alginate beads. In 
contrast, when free cellulase was immobilized in the alginate beads and the 
same leaching experiment was repeated, fluorescence in the alginate beads 
decreased by 38.7% after 3 h. Meanwhile, the fluorescence level in the buffer 
increased. This result suggests that cellulase molecules can easily leach out 
from the beads if they are not cross-linked to form aggregates. This is 
expected because the enzyme is much smaller (~5.9 nm) [150, 151] than the 
effective pore size of alginate beads. Similar leaching problems were also 
reported by other groups in the literature. 
 
5.3.2 Hydrolysis of CMC 
The second hypothesis of this study is that cellulose is able to diffuse into 
alginate beads to reach the immobilized XCA colloids. To test this hypothesis, 
we first selected CMC as a model cellulose substrate and then used alginate 
beads containing XCA colloids as a biocatalyst to hydrolyze CMC. The same 
experiment was repeated 10 times using the same alginate beads to test their 
stability. Figure 5.3a shows RSC in the solution after hydrolysis of CMC. 
At the end of the first cycle, the RSC was 3.0 ± 0.4 g/L suggesting that CMC 
can diffuse into the alginate beads and then be hydrolyzed. This result implies 
that the pore size of alginate beads is bigger than the CMC molecule. We also 
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noted that the RSC in each cycle was very stable. During the experiment, the 
RSC only decreased from 3.2 ± 0.3 g/L to 1.9 ± 0.2 g/L at the end of the 10
th
 
cycle. In contrast, when alginate beads with immobilized cellulase (without 
cross-linking) were used as the biocatalyst, the RSC dropped quickly from 4.3 
± 0.3 g/L to 0.6 ± 0.1 g/L in 5 cycles. This is because cellulase immobilized 
inside the alginate beads leached out during the hydrolysis. This phenomenon 
also explains why RSC in the first cycle was very high, probably because 
cellulase leached out from the beads and catalyzed the hydrolysis of CMC in 
the bulk solution. 
To quantify the amount of cellulase leached out from the alginate beads during 
the hydrolysis, we measured the total protein concentration in the solution at 
the end of hydrolysis. This value was then used to calculate the percentage of 
remaining cellulase inside the alginate beads as shown in Figure 5.3b. As 
expected, when the alginate beads containing XCA colloids were used, most 
of the XCA colloids (96.4%) remained inside the alginate beads after 10 
cycles. On the other hand, for alginate beads containing cellulase without 
cross-linking, only 17% of cellulase was still inside the beads after 10 cycles. 
In fact, after the first cycle, 23% of the cellulase originally immobilized inside 
the beads already leached out into the solution. This result further confirmed 
leaching of the immobilized enzymes from the alginate beads. On the basis of 
these experimental data, it can be concluded that XCA colloids immobilized 
inside the alginate beads are leach-free, which is an important requirement in 
many practical applications. 







































Figure 5.3. (a) RSC (g/L) produced by immobilized XCA colloids (round) 
and cellulase (square) in alginate beads for 10 hydrolysis cycles. (b) 
Remaining cellulase inside alginate beads.  
 
5.3.3 Optimization of Alginate Beads 
Since alginate beads containing XCA colloids showed promises as reusable 
biocatalysts for hydrolysis of CMC, the beads were further optimized to 
improve both XCA immobilization efficiency and CMC hydrolysis efficiency. 
In the literature, an important parameter that affects the hardness of alginate 
beads is the sodium alginate concentration. To understand the effect of sodium 
alginate concentration on the immobilized XCA colloids and their activity, 
XCA colloids were immobilized in alginate beads prepared from different 
sodium alginate concentrations (from 1 to 5% w/v). Figure 5.4a shows 
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immobilization efficiency for XCA colloids at different sodium alginate 
concentrations. When the sodium alginate was only 1 or 2%, the beads were 
too soft to immobilize XCA colloids effectively. For example, when the 
sodium alginate concentration was 1%, only 87.0 ± 2.3% of XCA was 
immobilized. During the hydrolysis experiment, some XCA colloids still 
leached out into the solution as shown in Figure 5.4b. When the sodium 
alginate concentration was increased to 3%, the alginate beads became harder, 
and the immobilization efficiency for XCA increased to almost 100%. As a 
result, there was no leaching of XCA colloids observed during the hydrolysis 
of CMC. In this case, 3.6 ± 0.1 g/L of RSC was produced after 2 h of 
hydrolysis. 
When the sodium alginate concentration was further increased to 4% or 5%, 
the immobilization efficiency was close to 100%. It means that all XCA 
colloids were immobilized inside the beads. When these beads were used as 
biocatalysts to hydrolyze CMC, no enzyme leaching was observed. However, 
when the sodium alginate concentration was 5%, the value of RSC was only 
3.0 ± 0.1 g/L, which was not as high as that in the previous case when the 
beads were prepared from the 3% sodium alginate solution. This is probably 
because excessive cross-linking of the alginate beads resulted in higher 
rigidity and smaller pore size. Both factors are known to hinder the diffusion 
of CMC into the beads. To obtain optimal results for the hydrolysis of CMC, 
the sodium alginate concentration was fixed at 3% for subsequent studies. 
  Chapter 5 
86 
 























































Figure 5.4. Effect of sodium alginate concentration on (a) immobilization 
efficiency (diamond) (b) RSC (g/L) (square) and enzyme leakage (round) from 
the alginate beads during hydrolysis of CMC.  
 
5.3.4 Kinetic study 
When alginate beads containing XCA were used as a biocatalyst to hydrolyze 
CMC, the alginate beads formed a diffusion barrier for CMC. To determine if 
the hydrolysis rate is affected by the diffusion, hydrolysis rates of CMC 
(within the first 60 min) at different concentrations (0.06 – 0.9 mM) were 
measured and shown in Figure 5.5. For comparison, control experiments with 
a free cellulase or XCA colloids (without alginate beads) were also carried 
out. Initial hydrolysis rates of CMC were used to fit a Lineweaver–Burk plot 
to obtain Km and Vmax values.  















































Figure 5.5. Hydrolysis rate of CMC by using different catalysts: (a) free 
cellulase (round), free XCA colloid (square) and (b) alginate beads containing 
immobilized cellulase (hollow round) and XCA colloids (hollow square), 
respectively. 
 
As shown in Figure 5.5, in the absence of alginate beads, free cellulase, and 
free XCA colloids gave similar hydrolysis rates. As a result, kinetic 
parameters of hydrolysis obtained from both experiments were very similar. 
For example, the apparent Km value of the free XCA colloids was 10.5, which 
was only slightly higher than that of free cellulase (10.0). This result is 
interesting because it suggests that XCA colloids are highly porous and CMC 
can freely diffuse into XCA colloids without affecting the hydrolysis rates. On 
the other hand, when both catalysts (cellulase and XCA colloids) were 
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immobilized in alginate beads, the hydrolysis rate slowed down significantly 
as shown in Figure 5.5. 
For example, when the CMC concentration was 0. 9 mM, the initial hydrolysis 









free XCA and immobilized XCA in alginate beads, respectively. The result 
shows that the diffusion of XCA created a concentration gradient inside the 
alginate beads and slowed down the hydrolysis rates by approximately 15%. 
The slight decrease in the hydrolysis rate suggests that the alginate beads are 
highly permeable to CMC. This is not unexpected because CMC is soluble in 
water and has a small molecular weight. Both factors allow CMC to diffuse 
into the alginate beads easily. 
Table 5.1. Kinetic data for free cellulase and XCA colloids  





Free cellulase 10.0 289.0 
Free XCA colloids 10.5 281.0 
 
5.3.5 Hydrolysis of cellulosic substrates 
Next, we further tested hydrolysis of other cellulosic substrates, including 
MCC and palm oil fibers, by using alginate beads containing XCA colloids. 
These substrates were first pretreated with moist heat to increase their 
solubility. Figure 5.6 shows the evolution of RSC during the hydrolysis palm 
oil fibers and MCC by using the alginate beads with immobilized XCA 
colloids or free XCA. After 48 h of hydrolysis of palm oil fiber, the RSC 
produced from the alginate beads reached 2.5 ± 0.08 g/L. Despite the RSC 
from palm oil fiber was lower than that of CMC (11. 5 ± 0.3 g/L) and MCC 
(5.0 ± 0.1 g/L), the result is surprising because the pretreated palm oil fibers 
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were only slightly soluble in water yet they could be hydrolyzed by the XCA 
colloids immobilized inside the alginate beads. One possible explanation is 
that the pretreated palm oil fiber released some linear cellulose polymers to the 
solution, and these linear polymers were able to diffuse into the alginate beads. 
To support this claim, images of the alginate beads before and after the 
hydrolysis of palm oil fibers were compared. As shown in the Figure 5.1b, the 
color of the alginate beads became yellowish after 48 h hydrolysis of palm oil 
fiber. This is strong evidence showing that some cellulose fibers were able to 






























Figure 5.6. Comparison of the reducing sugar concentration during the 
hydrolysis of palm oil fibers (square), MCC (round) and CMC (triangle) by 
using (a) alginate beads containing immobilized XCA colloid and (b) free 
XCA colloid for 48 h. 
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5.3.6 Thermal stability 
In the literature, it has been reported that immobilized enzymes are more 
stable than free enzymes at high temperatures due to stabilization of the 
protein 3D structures by the matrix. To test if the thermal stability of XCA 
immobilized inside the alginate beads is better, alginate beads containing XCA 
colloids were incubated in acetate buffer (0.05 M, pH 4.8) at 60, 70 and 80 
o
C, 





























Incubating time (min)  
Figure 5.7. Thermal stability of (a) XCA colloids and (b) cellulase 
immobilized inside alginate beads at 60 
o
C (square), 70 
o





 Figure 5.7 illustrated that XCA colloids immobilized in alginate beads 
incubated in 60 
o
C were very stable. Even after incubation for 90 min, XCA 
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colloids retained 88.2 ± 0.7% of its original activity. In contrast, when free 
cellulase was incubated at the same temperature for 90 min, the enzyme only 





C, respectively. After 90 min of incubation, the immobilized XCA 
colloids still retained 74.0 ± 1.1% and 55.7 ± 0.6% of its initial activity, 
respectively. This enhancement in thermal stability of the immobilized XCA 
colloids was even better than enzyme immobilized in alginate beads without 
cross-linking. This is probably due to the rigid structure by covalent intra-
cross-linking among enzyme aggregates [49-51]. 
  
5.4. Conclusion 
Uniform XCA colloids were successfully prepared and immobilized in 
alginate beads made from 3% of sodium alginate solution. The XCA colloids 
distributed uniformly in the hydrogel matrix of the alginate beads. Because of 
the large size of XCA colloids, they did not leach out from the beads during 
long-time incubation or hydrolysis reaction. The use of XCA colloids provides 
a viable solution to address the enzyme leaching problems encountered in 
alginate beads. Alginate beads with immobilized XCA colloids are also good 
biocatalysts for the hydrolysis of several cellulosic substrates, including CMC, 
MCC, and palm oil fibers. Our results also show that these substrates are able 
to diffuse into the alginate beads and get hydrolyzed under the catalysis of 
XCA colloids. XCA colloids immobilized inside the beads are also more 
stable at higher temperatures compared to free enzyme. Even after incubation 
at 60 
o
C, XCA colloids still retained 88.2 ± 0.7% of their original activities. 
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CHAPTER 6 HOLLOW CROSS-LINKED ENZYME 
AGGREGATES (h-CLEA) OF LACCASE WITH HIGH 
UNIFORMITY AND ACTIVITY 
 
To further improve the performance of the millifluidic reactor, we described 
the development of a coaxial flow millifluidic reactor in Chapter 6. This 
reactor was used to study the formation of CLEA laccase at different flow 
rates and glutaraldehyde concentration. Size distribution, shape and activity of 
CLEA laccase were studied and compared with free laccase and immobilized 
laccase prepared by using other methods.  
 
6.1. Introduction 
Formation of cross-linked enzyme aggregates (CLEAs) is a simple method to 
immobilize enzymes without using any solid carriers [32]. In this technique, 
crude enzymes are precipitated from aqueous solutions to form aggregates and 
then cross-linked with glutaraldehyde to form CLEAs [7, 40, 41, 88, 194]. 
Because solid carriers are not required, very high enzyme activity per unit 
volume can be obtained [88, 194]. Another advantage is that CLEAs show 
high activities in organic solvents or under unfavorable reaction conditions. 
For example, CLEA of penicillin G acylase remained active in a broad range 
of organic solvents in which free penicillin G acylase lost its activity 
completely [1]. Some studies also show that CLEAs are more resistant to 
acidic [83] or basic conditions [111]. These features are important for enzyme-
catalyzed reactions in organic solvents, acidic or basic aqueous solutions. 
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Even though CLEAs show promises, a common problem for CLEAs is their 
irregular shapes and sizes (in the range of 5-100 µm) which may lead to slow 
diffusion of substrates into the CLEAs or difficulty in recovering CLEAs after 
reactions [7, 30, 195]. This issue is partly because CLEAs are often prepared 
in batch processes in which the mixing is not uniform. Recently, millifluidic 
reactors were developed to provide well-controlled flow conditions and 
uniform mixing patterns during chemical reactions, and they have been used to 
synthesize nanoparticles with well-defined shapes and sizes [196]. The large 
surface-to-volume ratio in millifluidic reactors also offers enhanced mass 
transfer at oil/water interfaces, allowing interfacial reactions to proceed at 
massively reduced timescales [13, 115, 125, 197, 198]. Recently, our group 
demonstrated the preparation of CLEA cellulases by employing millifluidic 
reactors [187, 199, 200]. Because cellulase was precipitated instantaneously in 
the millifluidic reactors under a well-controlled environment, denaturing of the 
cellulase was minimized, and enzyme activity was preserved [200]. 
In recent years, there has been a growing interest in laccase due to its ability to 
degrade phenolic compounds and oxidize dye molecules [19, 20]. However, 
application of laccase was hampered by its low stability and high cost [21]. To 
address these issues, laccase was immobilized on solid carriers such as γ-
aluminum oxide pellets [20], chitosan [201], alginate [202] or in the form of 
CLEA without any solid carriers [21, 22, 65]. For example, Cabana and co- 
[22] workers prepared CLEA laccase with bovine serum albumin (BSA) as a 
stabilizer. Laccase in CLEA exhibited higher residual activity against common 
enzyme inhibitors such as NaN3, EDTA, methanol, and acetone. Matijosyte et 
al. [65] showed that the CLEA laccase had higher activity than free laccase 
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when alcohols were used as substrates. In another study, Kumar and co-
workers [66] demonstrated the formation of CLEA laccase on magnetic 
nanoparticles for continuous degradation of dyes and highlighted the potential 
application of CLEA laccase in waste water treatments.  
 
 
Figure 6.1. (a) Schematic of the coaxial flow millifluidic reactor design for 
the preparation of CLEA laccase and (b) Fluorescent images showing 
formation of CLEA laccase at the interface between acetonitrile and aqueous 
solution.  
 
In the present study, our objective is to design a unique coaxial millifluidic 
reactor for the fabrication of hollow CLEA (h-CLEA) laccase with highly 
uniform sizes and tunable properties. As shown in Figure 6.1a, the millifluidic 
reactor generated two coaxial flows (an aqueous solution containing enzymes 
and acetonitrile containing glutaraldehyde) running parallel in the confluence 
zone. The coaxial flow design allows diffusion of acetonitrile into the aqueous 
solution to precipitate enzymes and form h-CLEA laccase. This design offers 
two advantages. Firstly, it enables positioning of the enzyme flow at the center 
both longitudinally and laterally without mixing with acetonitrile. Secondly, 
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fouling of laccase on the walls of the reactor can be avoided. By controlling 
flow conditions to achieve coaxial laminar flow, we allowed the diffusion of 
the precipitant and the enzyme to occur radially [115], and precipitation of the 
enzyme to occur at the interface of the flows to form h-CLEA laccase. Size 
distribution, shape and the characteristics of h-CLEA laccase were studied and 
compared with free laccase and immobilized laccase prepared with other 
methods. Finally, h-CLEA laccase were used as catalysts to decolorize trypan 





Two types of polytetrafluoroethylene (PTFE) tubings (ID 0.8 mm, OD 2.4 mm 
and ID 0.4 mm, OD 2.4 mm) were purchased from Cole Palmer (Singapore). 
Two types of glass capillaries (ID 0.8 mm, OD 1.0 mm and ID 0.3 mm, OD 
0.4 mm) were purchased from Vitrocom (U.S.A). A T-shape polypropylene 
connector was obtained from Kartell (Italy). Laccase powder (from Trametes 
versicolor, light brown), Whatman® Nuclepore
TM
 polycarbonate track-etched 
membrane (pore size = 0.2 μm), glutaraldehyde, 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS), acetic acid, fluorescein 
isothiocyanate, anhydrous dimethyl sulfoxide, sodium carbonate, sodium 
bicarbonate, sodium chloride, sodium dihydrogen phosphate and Bradford 
reagent were purchased from Sigma Aldrich. Trypan blue solution (0.4%) and 
acetonitrile were purchased from Fisher (Singapore). Sodium acetate was 
purchased from Alfa Aesar (Singapore). Polyethersulfone (PES) membrane 
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(Minisart®, pore size = 0.22 μm) were provided by Sartorius (Singapore). All 
chemicals were used as received without further purification. 
 
6.2.2. Preparation of h-CLEA laccase using millifluidic reactors 
Figure 6.1a shows the design of a millifluidic reactor with two coaxial glass 
capillaries. The smaller capillary (ID 0.3 mm, OD 0.4 mm) was fixed at the 
center of a bigger glass capillary (ID 0.8 mm, OD 1.0 mm) by using a T-shape 
connector. The length of the capillary from the confluence point to the outlet is 
20 mm. Acetate buffer (0.1 M, pH 4.5) containing 5 mg/mL of laccase (0.3 
U/mg) was infused into the inner glass capillary at 20 µL/min. Acetonitrile 
containing 20 mM of glutaraldehyde was injected through the second inlet into 
the outer capillary at 20 µL/min to precipitate and cross-link laccase. The ratio 
of the two flow rates was fixed at 1 for all experiments to avoid turbulent 
vortex in the capillary [203]. Both solutions were delivered by using a syringe 
pumps (Harvard, U.S.A). The effluent solution from the outlet was dispensed 
into acetate buffer (0.1 M, pH 4.5) to stop cross-linking reactions. The final 
concentration of h-CLEA laccase in acetate buffer was maintained at 1 
mg/mL.  
 
6.2.3. Characterization of CLEA laccase 
Particle size of h-CLEA laccase was measured by using Zetasizer 
manufactured by Malvern Instrument (U.K.) in a dynamic light scattering 
(DLS) mode. The wavelength of the laser was 633 nm and the power was 100 
W. In each measurement, the sample was equilibrated for 60 s followed by 11 
  Chapter 6 
97 
 
runs (each run was 10 s). Particle size was calculated by using software 
provided by the manufacturer. SEM images of h-CLEA laccase were taken by 
using FESEM (JEOL JSM 6700F). To observe h-CLEA laccase particles 
under SEM, a droplet of h-CLEA laccase was dispensed on a polycarbonate 
track-etched membrane. All samples were freeze-dried in a vacuum oven at 
room temperature for 12 h. Then, they were coated with platinum by using a 
sputtering coater (JEOL LFC-1300). 
 
6.2.4. ABTS assay for laccase activity  
Laccase activity was determined by using 2,2-azino-bis-(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS) as a substrate. ABTS was 
oxidized to a radical ABTS
*
 in the presence of laccase. The extinction 
coefficient of ABTS
*






) was used to 
determine the concentration of ABTS
* 
[204]. In a typical run, acetate buffer 
(0.1 M, pH 4.5) containing 0.5 mM of ABTS and some h-CLEA laccase was 
incubated for 60 min before the absorbance at 420 nm was determined. One 
unit of activity was defined as the amount of enzyme forming 1 μmol of 
ABTS* per min. Furthermore, kinetic parameters Km, Vmax and kcat values 
of free laccase and h-CLEA laccase were determined by measuring the laccase 
activity on ABTS at different concentrations (from 0.0125 to 2.5 mM). To 
determine the effect of pH on the activity of free and h-CLEA laccase, activity 
was determined by measuring the laccase activity in different pH between 2.0 
and 10.0 at 20 °C. Buffers including glycine-HCl buffer (pH 2–3), citrate 
buffer (pH 4–6), Phosphate-buffered saline (PBS) buffer (pH 7–8), carbonate 
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buffer (pH 9–10) were used to control pH. Each experiment was performed in 
triplicates. 
 
6.2.5. Degradation of trypan blue 
Degradation of trypan blue in the presence of laccase (50 μg) was carried out 
in 1 mL of aqueous solution containing 200 μM of trypan blue. The mixture 
was incubated at 20 °C for 270 min before absorbance at 595 nm was 
determined for every 30 min. For degradation of trypan blue in a continuous 
mode, h-CLEA laccase was trapped in a PES membrane [199]. Briefly, 5 mL 
of h-CLEA laccase solution (0.1 mg/mL) in acetate buffer was filtered through 
a PES membrane at a flow rate of 5 μL/min. To remove loosely bounded h-
CLEA laccase, the membrane was rinsed with 5 mL of fresh acetate buffer at 
10 μL/min. Then, a trypan blue solution (200 µM) was pumped continuously 
into the membrane at 1 μL/min for 96 h. The solution at the outlet was 
collected every 12 h, and the absorbance of the solution at 595 nm was 
measured. The degradation (%) for batch and continuous processes was 
defined as: 
Degradation (%) = (C0 – Ci)/C0  (6.1) 
Where: C0 and Ci are the absorbances of the reaction mixture at 0 min and at 
different time intervals, respectively. Each experiment was performed in 
triplicate. Moreover, to evaluate the leaching of the h-CLEA laccase during 
the continuous process, amounts of laccase in the solution were measured with 
the Bradford assay [148]. 
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6.3. Results and Discussions 
6.3.1. Formation of h-CLEA laccase in a Millifluidic Reactor 
Figure 6.1a shows the design of millifluidic reactors for the preparation of h-
CLEA laccase. By controlling the two coaxial flows in the laminar flow 
regime as shown in Table 6.1, mixing of the two flows can be avoided. Thus, 
mass transfer in the confluence zone only occurs by radial diffusion across the 
interfaces between the two flows. When acetonitrile diffused into the aqueous 
solution, fluorescence-labeled laccase in the aqueous solution precipitated 
quickly to form solid aggregates, which were clearly visible (Figure 6.1b). We 
also noted that when acetonitrile diffused further into the aqueous solution, it 
pushed the fluorescent aggregates and the precipitation zone further inward, as 
is evidenced by the contracting flow lines in Figure 6.1b. This is probably 
because the aggregates were insoluble in acetonitrile and carried away by the 
diffusion front of acetonitrile. We note that even though the residence times in 
the millifluidic reactor were very short (ranging from 1 to 60 s), precipitation 
of laccase by organic solvent can happen in the order of a few milliseconds [8, 
13, 128]. On the other hand, cross-linking of laccase required much longer 
time. In the literature, an incubation time of 4 to 24 h was required to complete 
the cross-linking reaction [22, 73, 205]. Due to the much longer timescale 
required for cross-linking, we proposed that only outer layers of the laccase 
aggregates were cross-linked before they left the millifluidic reactor. Thus, it 
is expected that the h-CLEA only had a surface layer and a hollow structure. 
Since flow rates of acetonitrile and laccase solution can be controlled precisely 
with two syringe pumps, different h-CLEA laccase were prepared and 
characterized to understand their properties.  
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Figure 6.2a shows a size distribution of h-CLEA laccase prepared by using 5 
µL/min of laccase solution and 5 µL/min of acetonitrile with a 20-mm long 
confluence zone. The results show that the h-CLEA laccase has a narrow size 
distribution around 170 ± 7 nm. In contrast, when the flow rates of laccase 
solution and acetonitrile were both increased to 20 µL/min, the average size of 
the h-CLEA laccase increased to 220 ± 10 nm. At an even higher flow rate of 
200 µL/min, it can be seen that the average size of the h-CLEA laccase further 
increased to 500 ± 17 nm, which was accompanied with a broadening in the 
size distribution. We point out that the sub-micrometer size of h-CLEA 
laccase obtained from the millifluidic reactor are different from CLEA laccase 
prepared in a batch process, which gave rise to micron-sized pellets with a 
porous structure [22]. The small size and the hollow structure of the h-CLEA 
can be contributed to the highly efficient coaxial mass transfer as well as 
instantaneous precipitation of laccase at the interface of the flows. As a result, 
the size and uniformity of the h-CLEA laccase were influenced by the flow 
rates and residence time. With a longer residence time, smaller and more 
uniform h-CLEA laccase were obtained. This is probably because longer 
residence time led to a higher degree of cross-linking. In this case, the crust of 
the h-CLEA laccase became thicker, and the shape became more spherical 
when they emerged from the millifluidic reactor. When this type of h-CLEA 
laccase (prepared at 5 µL/min) was collected by using a membrane filter, the 
collection efficiency was close to 100%. On the other hand, shorter residence 
time caused a lower degree of cross-linking and resulted in loose and irregular 
CLEA laccase. When this type of CLEA laccase was collected by using a 
membrane, the collection efficiency was only 10.5 ± 0.50%. Since the 
  Chapter 6 
101 
 
objective was to obtain highly stable and uniform CLEA laccase, flow rates of 
laccase and the organic solvent were fixed at 20 µL/min. 
Table 6.1. Characteristic values (residence time, Reynolds number) of laccase 
and acetonitrile solutions in the millifluidic reactor at different flow rates. 
Flow rate (µL/min)  Residence time (s) 
Reynolds number 
Laccase solution Acetonitrile 
5 60.3 0.132 0.185 
20 15.1 0.528 0.739 
50 6.03 1.32 1.85 
100 3.02 2.64 3.70 
200 1.51 5.28 7.39 
Re = vL/v with flow velocities v (m/s), characteristic travelled length L (m) 























Size (nm)  
 
Figure 6.2. (a) Size distributions of CLEA laccase prepared at different flow 
rates (5, 20 and 200 µL/min) and (b) A schematic showing formation of 
CLEA laccase under two different scenarios (low and high flow rates).  
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6.3.2. Characterization of h-CLEA laccase 
Figure 6.3a and b show SEM images of the h-CLEA laccase on a track-etched 
membrane (pore size = 0.2 μm). By using the pore size of the membrane as a 
reference, it can be seen that the average size of the particles is in good 
agreement with DLS data. Interestingly, the h-CLEA laccase had a biconcave 
shape under SEM. This is probably because h-CLEA laccase have a hollow 
structure. When they were dried, the crust collapsed and formed the unique 
biconcave shape. Xie and co-workers reported that the shape of highly porous 
microparticles changed from spherical to biconcave due to compression of the 
microparticles upon drying [206]. In another study, the formation of biconcave 
alginate beads was attributed to a rapid gelation process [207]. Thus, it was 
proposed that the biconcave shape of h-CLEA laccase under SEM was due to 
the hollow structure of the h-CLEA laccase (as shown in Figure 6.3b). The 
hollow structure was formed because precipitation of laccase occurred 
instantaneously at the coaxial flow interface, some water or acetonitrile might 
be trapped inside the h-CLEA laccase during rapid precipitation. Moreover, 
penetration of glutaraldehyde into the interior precipitated laccase aggregates 
was limited since the cross-linking time of laccase was only 15.1 s, which was 
far less than the time required to cross-link the CLEA completely [75]. The 
moment the flows exited the reactor, the as-formed h-CLEA laccase 
immediately entered acetate buffer, which effectively stopped the cross-
linking reaction. Unlike Kumar and co-workers who used enzymatic treatment 
(α-amylase and starch) to achieve highly porous CLEA laccase [79], our 
technique could readily bring about h-CLEA laccase at a size 100-time 
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smaller. Moreover, such a hollow structure allowed fast diffusion of substrates 
into the h-CLEA particles. 
 
 
Figure 6.3. SEM micrographs of h-CLEA laccase deposited on the surface of 
a track-etched membrane (0.2 μm diameter) 
 
The number of laccase molecules in h-CLEA laccase particles was calculated. 
The diameter of laccase is ~5 nm [208] and assumed that the thickness of h-
CLEA laccase’s outer layer was 20% of its radius. The number of laccase 
molecules per CLEA particle and on the surface of each particle were 
21.2103 molecules and 5.7103 molecules, respectively. These values are 
much lower than that of XCA particle, which were mentioned in Chapter 3. 
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The h-CLEA laccase, as a form of immobilized enzymes, can be used for 
many enzyme-catalyzed reactions. To determine the activity of the h-CLEA 
laccase and kinetic parameters, ABTS was chosen as a substrate for the h-
CLEA laccase. Oxidization of ABTS was catalyzed in the presence of laccase 
to give a color product ABTS
*
, whose concentration was determined 
spectroscopically. Figure 6.4a shows the ABTS
*
 concentration as a function 
of time under different substrate concentrations (from 0.0125 to 2.5 mM), and 
the initial reaction rates were shown in Figure 6.4b. For comparison, the same 
experiment was repeated by using free laccase. Inspection of Figure 6.4b 
reveals that for both free and h-CLEA laccase, initial reaction rates increase 
with increasing ABTS concentrations from 0.0125 to 2.5 mM. Next, initial 
reaction rates were used to fit a Lineweaver–Burk plot to obtain the value of 
Michaelis–Menten kinetic constants (Km, Vmax, and kcat) and the activities of 
free and h-CLEA laccase were compared. Interestingly, immobilized laccase 
in h-CLEA laccase has comparable activity (0.26 U/mg) to that of free laccase 
(0.26 U/mg). This is surprising because immobilized enzymes usually have 
lower activities than free enzyme due to enzyme denaturation. However, the 
short cross-linking time in the millifluidic reactor minimized the denaturation 
of laccase and loss of enzyme activity [70, 94, 209]. Km values for h-CLEA 
laccase and free laccase were 190 ± 2.9 µM and 90 ± 3.5 µM, respectively. 
The larger Km value reflected lower binding affinity of h-CLEA laccase which 
can be attributed to the size of h-CLEA laccase [210-212]. On the other hand, 
Vmax (0.046 µM/min) and kcat (54.0 s
-1
) values of h-CLEA laccase are higher 
than that of free laccase (0.024 µM/min and 28.3 s
-1
, respectively). This 
observation is consistent with earlier study for immobilized laccase by CLEA 
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method [22, 79]. For a better comparison, the catalytic efficiency (kcat/Km) was 









). Thus, the results of 
our study clearly indicate that h-CLEA laccase has a comparable activity to 
free laccase. 
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Figure 6.4. (a) Kinetic study of h-CLEA laccase using different ABTS 
concentrations (0.0125, 0.025, 0.05, 0.0625, 0.125, 0.25, 0.5 and 2.5 mM); (b) 
Reaction rates of free (square) and CLEA (cross) laccase with ABTS as a 
substrate. 
 
The activity of h-CLEA laccase was also compared with other types of 
immobilized laccase. The h-CLEA laccase prepared by using a millifluidic 
reactor achieved 100% of free laccase activity. In contrast, laccase 
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immobilized on silica gel had a very low activity (0.07 ± 0.00 U/mg), which is 
equivalent to ~30% of the free laccase activity. Loss of activity is a problem 
commonly associated with carrier-based immobilization methods. Similarly, 
the CLEA laccase prepared in a batch process showed only 10% of free 
laccase activity. The low activity was caused by the high mass transfer 
resistance in the micron-size aggregates formed by CLEA laccase prepared in 
a batch process. Therefore, in terms of reaction kinetics, the h-CLEA laccase 
prepared using millifluidic reactors is the best form of immobilized laccase. 
 
6.3.3. Effect of pH and temperature 
In the literature, many studies have shown that immobilized enzymes are more 
stable in harsh environments such as high temperature and pH. Thus, we 
compared the activity of h-CLEA laccase and free laccase under different pH 
and temperatures. Figure 6.5a shows the effect of pH on the activity of free 
and h-CLEA laccase. The optimum pH of the free enzyme was at pH 4.0, and 
the significant loss of its activity was observed when pH was higher than 7.0. 
Free laccase retained around 42.0 ± 2.10% and 13.9 ± 0.69% of its optimal 
activity at pH 7.0 and 10.0, respectively. In contrast, h-CLEA laccase was able 
to retain about 90.4 ± 4.52% and 80.9 ± 4.04% of its activity at pH 7.0 and 10, 
respectively. This showed that h-CLEA laccase remained more stable and 
active over a wide pH range than free laccase. We attribute this stabilization to 
the covalent intra-cross-linking among enzyme aggregates [50, 51] that helped 
reduce drastic conformational [2, 20, 84]. 
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Figure 6.5b shows the influence of temperature on the activity of free and h-
CLEA laccase. Free and h-CLEA laccase retained 100% active at 30 °C. 
However, the activity of free laccase retained around 87.5 ± 1.8% when the 
temperature was higher than 40 
o
C, whereas h-CLEA laccase still retained 
100% of its activity. A significant drop in free laccase activity was observed at 
70 
o
C; free laccase only retained 20.9 ± 1.05% of its activity, while h-CLEA 
laccase remained 71.5 ± 3.57% active. The cross-linking between laccase 
molecules in CLEA particle seems to protect the enzymatic configuration from 
damage by heat exchange, and as a result, h-CLEA laccase could work in a 
harsher environment with less activity loss. 


















































Figure 6.5. Effect of (a) pH and (b) temperature on the activities of free 
(square) and h-CLEA laccase (cross). 
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6.3.4. Degradation of trypan blue by using h-CLEA laccase 
Trypan blue is an azo dye which can be found in textile wastewater. It has 
been shown in the literature that oxidation of trypan blue catalyzed by laccase 
yields a colorless product. To test if h-CLEA laccase can be applied to degrade 
trypan blue in waste water at different pH values, h-CLEA laccase (10 µg) 
was added to 500 µL of trypan blue solution (200 µM) and incubated for 270 
min. 






































Figure 6.6. Performance of (a) free laccase (solid) and (b) h-CLEA laccase 
(hollow) on the degradation of trypan blue in a batch mode at pH 2.0 (square); 
pH 5.0 (circle); pH 7.0 (triangle) and pH 10.0 (diamond). 
 
Figure 6.6a and b showed the degradation of trypan blue under different pH 
values by using free and h-CLEA laccase, respectively. At pH 2.0, free laccase 
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was able to degrade 64.5 ± 3.23% of trypan blue whereas h-CLEA laccase was 
able to completely degrade trypan blue (100%) under the same experimental 
condition. At pH 5.0, the degradation of trypan blue by free and h-CLEA 
laccase could be completed in a shorter time, around 240 and 180 min, 
respectively. This is reasonable because the optimal pH for laccase is around 
4.0. At pH 10.0 the degradation of trypan blue by free and h-CLEA laccase 
was remarkably different at 48.5 ± 2.42% and 93.7 ± 4.68%, respectively. This 
result is surprising because the alkaline environment adversely affected the 
activity of laccase. However, h-CLEA laccase, due to the more stable 
aggregate form, are able to better withstand the high pH conditions and remain 
active to degrade trypan blue. This feature has important implication in the 
treatment of alkaline wastewater. 
 
One advantage of CLEAs is that they can be collected and reused more easily 
than free enzymes due to their big sizes. To exploit this advantage, h-CLEA 
laccase was trapped inside PES membrane for continuous degradation of 
trypan blue at different pH values for 96 h. Trypan blue solution (200 µM) 
was pumped into the membrane at a constant flow rate (1 μL/min). As shown 
in Figure 6.7a, a clear solution was obtained, and that confirmed the effective 
degradation of trypan blue by h-CLEA laccase at pH 7.0. Figure 6.7b showed 
the degradation of trypan blue by h-CLEA laccase at different pH values (from 
2.0 to 10.0) in a continuous mode for 96 h. The trypan blue solution was 
continuously pumped into the membrane, and the treated solution at the outlet 
was periodically collected (every 12 h). As shown in Figure 6.7b, the 100% 
degradation of trypan blue was achieved by using h-CLEA laccase at a range 
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of pH 2.0 – 7.0 after 48 h of continuous operation, and there was no detected 
leaching of laccase found in solution. Slight degradation of efficiency 
(achieved around ~ 98%) was observed at up to 96 h at these pH values. At pH 
10.0, 100% degradation of trypan blue was observed during the first 24 h of 
continuous operation. However, the degradation efficiency of trypan blue by 
h-CLEA laccase at pH 10.0 showed a significant decrease at 80.4 ± 2.4% after 
48 h, and the degradation of trypan blue was only 50% by increasing operation 
time up to 96 h. This can be caused by the accumulated degradation products 
[52, 86]. Our results gave strong evidence that h-CLEA laccase showed high 
degradation efficiency in the enzymatic degradation of azo dye, which 
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Figure 6.7. (a) Degradation of trypan blue by h-CLEA laccase, trapped in PES 
membrane at pH 7 and (d) performance of h-CLEA laccase trapped in PES 
membrane on the continuous decolorization of trypan blue for 96 h at pH 2 
(square); pH 5 (circle); pH 7 (triangle) and pH 10 (diamond). 
 
6.4. Conclusion 
In this study, we report the preparation of uniform h-CLEA laccase by using 
millifluidic reactors and their application for degrading of trypan blue. h-
CLEA laccase can be used as a biocatalyst for complete degradation of trypan 
blue both in batch and continuous modes in a wide range of pH (2.0 – 10.0). 
The h-CLEA laccase also showed better stability than free enzyme at higher 
pH as well as the higher temperature when ABTS was used as a substrate. The 
formation of h-CLEA laccase was initiated at the interface between two flows 
and controlled by lateral diffusion. The unique feature of CLEA laccase can be 
attributed to its uniform size and hollow structure which can only be obtained 
by using a coaxial millifluidic reactor design. In the future, the coaxial 
millifluidic reactor can also be exploited to prepare h-CLEA of other enzymes 
with tunable sizes and shapes which cannot be achieved by using conventional 
methods. 
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CHAPTER 7 COMBINED CROSS-LINKED ENZYME 
AGGREGATES OF HORSERADISH PEROXIDASE AND 
GLUCOSE OXIDASE FOR CATALYZING CASCADE 
CHEMICAL REACTIONS 
 
So far, we have demonstrated that a single enzyme can be immobilized as 
CLEAs by using a millifluidic reactor. In this chapter, we further investigated 
whether multiple enzymes can also be immobilized as CLEAs by using a 
millifluidic reactor. Glucose oxidase (GOx) and horseradish peroxidase (HRP) 
were chosen as the model enzymes because these two enzymes are able to 




In biological systems, many processes involve multi-step reactions as complex 
reaction networks. Some reactions must be carried out in a sequential order 
because reaction products from the first reaction are used as reactants in the 
second reaction. For example, hydrolysis of oligosaccharides requires two 
enzymes in two sequential reactions. In the first reaction, exoglucanase 
catalyzes the cleavage of 1,4-glucosidic bonds to release cellobiose, which is 
then hydrolyzed by β-glucosidase to release glucose [213]. If exoglucanase 
and β-glucosidase are not in the close proximity, then cellobiose has to reach 
β-glucosidase through diffusion, which is often a slower process [107]. Nature 
solves this problem by putting enzymes in the same compartments or by 
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creating scaffolds in order to immobilize enzymes in close proximity [214, 
215]. To mimic this process, two enzymes can be co-immobilized together or 
immobilized on a scaffold. For example, Yu and co-workers [214] 
demonstrated the immobilization of different cellulases including 
exoglucanase, endoglucanase, and β-glucosidase on a protein scaffold. In this 
case, oligosaccharides and cellobiose produced by exoglucanase were readily 
accessible by endoglucanase and β-glucosidase. As a result, the immobilized 
cellulases on the scaffold exhibited 1.5-times enhancement in the hydrolysis 
rate. Moraïs and co-workers [215] also reported the application of scaffold-
linked exoglucanases for cellulose hydrolysis with enhanced activity.  
Another example of cascade reaction is the oxidation of glucose by using GOx 
and HRP. The former catalyzes the oxidation of glucose to release D-glucono-
δ-lactone and hydrogen peroxide, which can be used by HRP to oxidize dye 
molecules such as 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) 
(ABTS) or 3,3',5,5'-Tetramethylbenzidine (TMB) [216]. This cascade reaction 
is commonly used in colorimetric glucose assays. In the cascade reaction, if 
both reactions have the same reaction rate constants, then the overall reaction 
rate is determined by the diffusion rate of the intermediate hydrogen peroxide 
[217, 218]. Thus, it is expected that the overall reaction rate is enhanced when 
the distance between GOx and HRP is reduced. In the literature, this principle 
has been exploited to increase the overall reaction rates of cascade reactions. 
For example, Wilner and co-workers constructed a DNA strip for binding 
GOx and HRP on the scaffold [219]. By varying the distance between the two 
enzymes between 6 and 24 nm, an increase in the final product concentration 
up to 16 fold was reported. Fu et al. [220] designed a DNA origami tiles for 
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binding GOx and HRP with different distances. A protein bridge was inserted 
between two enzymes for hydrogen peroxide propagation. As a result, 
enhancement in activity was observed. A significant increase in overall 
reaction rate was also obtained by confining GOx and HRP in DNA nanotubes 
[221]. Despite a higher reaction rate can be achieved, producing protein 
scaffold is complex and time-consuming. It is also difficult to balance 
activities of different enzymes by using a protein scaffold. Alternatively, 
different enzymes can be co-immobilized together to reduce the diffusion 
distance of reaction intermediates. Heo et al. [222] reported that the overall 
reaction rate was increased after co-immobilization of GOx and HRP on 
microbeads, due to a reduction of diffusion distance between GOx and HRP. 
In this case, hydrogen peroxide, the intermediate, can be quickly converted to 
the final product when both enzymes were co-immobilized. Pescador et al. 
[223] demonstrated the co-immobilization of GOx and HRP on the surface of 
silica microparticles by using polyelectrolytes with different binding 
configuration. When GOx and HRP were co-immobilized on the same layer of 
silica microparticles, the overall conversion rate was 2.5 times higher than that 
when GOx and HRP were immobilized in separate layers. Recently, Zhou et 
al. [224] demonstrated the covalent co-immobilization of GOx and HRP on 
polystyrene nanoparticles, and the final product concentration was 1.6 times 
higher than that when free enzymes were used. Studies mentioned above 
clearly indicate that co-immobilization of two enzymes on solid carriers 
increase the overall reaction rate. However, dilution of enzyme activity due to 
the presence of solid carriers is expected [225].  
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Cross-linked enzyme aggregates (CLEAs) are self-immobilized enzymes 
without any solid carriers [47]. In this technique, crude enzymes are directly 
precipitated from aqueous solutions and cross-linked by using glutaraldehyde. 
Because solid carriers are not required, very high enzyme activity per unit 
volume can be obtained [88, 194]. This technique has been applied to co-
immobilize two or more enzymes as combi-CLEA for catalyzing cascade 
reactions [30]. For example, Taboada-Puig et al. [23] demonstrated the co-
immobilization of versatile peroxidase and GOx as combi-CLEA for the 
elimination of pharmaceutically active compounds in wastewater. Cabana et 
al. [111] prepared combi-CLEA of laccase and tyrosinase and used it for 
transforming acetaminophen. In another study, combi-CLEA of hydrolyzing 
enzymes such as xylanase, cellulase and β-1,3-glucanase was prepared and 
used for saccharification of sugarcane bagasse [109]. Finally, Talekar and co-
workers [226] demonstrated the formation of combi-CLEA of α-amylase, 
glucoamylase, and pullulanase for catalyzing the hydrolysis of starch. 
However, combi-CLEAs mentioned above were prepared in batch processes, 
which led to irregular shapes and sizes of combi-CLEAs and inconsistent 
performance [7, 30, 195]. Recently, our group demonstrated the formation of 
CLEA laccase with a uniform size and well-defined morphology by 
employing millifluidic reactors with coaxial laminar flows. Well-defined flow 
patterns and lateral diffusion inside the millifluidic reactor allowed precise 
control of enzyme precipitation and cross-linking [187, 199]. However, in the 
previous study, only a single enzyme was immobilized as CLEA.  
In this study, the millifluidic reactor with coaxial flows was exploited to 
fabricate combi-CLEA with two enzymes, GOx and HRP. We hypothesize 
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that the coaxial flows of an organic solvent and an aqueous solution in laminar 
flow regimes can lead to the formation of highly uniform combi-CLEA of 
GOx and HRP. It is anticipated that combi-CLEA of GOx and HRP are able to 
catalyze the cascade reaction more efficiency due to the close proximity of the 
two enzymes. To optimize the reaction rate of the cascade reaction, combi-
CLEA with different ratios of GOx and HRP ratio was prepared by using the 
millifluidic reactor set-up. The role of hydrogen peroxide in the cascade 
reaction was also investigated by adding catalase, an enzyme that breaks down 
hydrogen peroxide. Finally, the optimized combi-CLEA and the cascade 
reaction were employed to develop homogenous and heterogeneous glucose 




Two types of polytetrafluoroethylene (PTFE) tubings (ID 0.8 mm, OD 2.4 mm 
and ID 0.4 mm, OD 2.4 mm) were purchased from Cole Palmer (Singapore). 
Glass capillaries (ID 0.8 mm, OD 1.0 mm and ID 0.3 mm, OD 0.4 mm) were 
purchased from Vitrocom (U.S.A.). Polypropylene connectors (T-shaped and 
untapered) were obtained from Kartell (Italy). Glucose oxidase (GOx) from 
Aspergillus niger (type II, powder, 0.9 U/mg), horseradish peroxidase (HRP) 
(lyophilized powder, 130.0 U/mg), catalase (lyophilized powder, 2,000 U/mg), 
Whatman® Nuclepore
TM
 polycarbonate track-etched membrane (pore size = 
0.2 μm), ABTS, glutaraldehyde, acetic acid, potassium phosphate, glucose 
were purchased from Sigma-Aldrich (Singapore). Acetonitrile was purchased 
from Fisher (Singapore). Sodium acetate was purchased from Alfa Aesar 
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(Singapore). VHB tapes (2.5 cm wide and 2.3 mm thick) were purchased from 
3M (U.S.A). Nylon membrane (pore size 0.2 µm) was purchase from SUN-Sri 
(U.S.A). Glucose meter and test strip were purchased from Roche (Singapore). 
All materials were used as received without further purification. 
 
7.2.2 Formation of combi-CLEA using millifluidic reactor 
Details of preparing CLEAs can be found in the literature [187, 199, 200]. 
Briefly, a millifluidic reactor consisted of an inner capillary (ID 0.3 mm, OD 
0.4 mm) and an outer capillary (ID 0.8 mm, OD 1.0 mm) was prepared. The 
inner capillary was fixed by a T-shape connector at the center of the outer 
capillary and was shorter than the outer capillary. The distance from the 
confluence point to the outlet was 20 mm. Phosphate buffer (0.1 M, pH 5.0) 
containing GOx (6.8 U/mL) and HRP (6.5 U/mL) was injected into the inner 
capillary at 20 µL/min by using a syringe pump (Harvard, U.S.A). In the outer 
capillary, acetonitrile containing 0.5 mM of glutaraldehyde were supplied to 
the system at a constant flow rate of 20 μL/min by using the same syringe 
pump. Two solutions met at the confluence zone and formed two coaxial 
flows to precipitate GOx and HRP as enzyme aggregates. The solution leaving 
the outlet was collected in phosphate buffer (0.1 M, pH 5.0) to stop cross-
linking reactions. The final concentration of GOx and HRP combi-CLEA in 
phosphate buffer were diluted 10 times before use.  
To determine the immobilization yield, we filtered solutions containing 
combi-CLEA through a membrane at 20 µL/min. The amount of enzyme in 
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the filtrate was determined by using Bradford assay [148]. Herein, 








   (7.1) 
where C0 is the initial amount (µg/mL) of enzymes and C1 is the amount of 
enzymes (µg/mL) in filtrate solution. 
 
7.2.3 Enzymatic Assays 
Enzymatic activity of the combi-CLEA was determined by using glucose and 
ABTS as substrates. In each run, combi-CLEA was added to phosphate buffer 
(0.1 M, pH 5.0) containing glucose (100 mM) and ABTS (9.1 mM). In some 
cases, catalase solution (6.3 mU/mL) was also added to break down hydrogen 
peroxide. The total volume of the reaction mixture was fixed at 800 µL. The 
final concentrations of GOx and HRP in the reaction mixture were maintained 
at 6.8 mU/mL and 6.5 mU/mL, respectively. After 15 min, the concentration 
of ABTS
*
, the final reaction product, was determined by using absorbance at 
420 nm. 
To determine the activity of GOx, acetate buffer (0.1 M, pH 4.5) containing 
glucose was mixed with GOx. The final concentrations of glucose and GOx 
were 100 mM and 10 µg/mL, respectively. After 15 min, the remaining 
glucose concentration was measured by using a glucose meter. One unit of 
activity is defined as the amount of GOx required to oxidize 1.0 μmol of 
glucose per minute. To determine the activity of HRP, phosphate buffer (0.1 
M, pH 5.0) containing ABTS and hydrogen peroxide was mixed with HRP. 
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The final concentration of ABTS, hydrogen peroxide and HRP were 9.1 mM, 
90 µM, and 2.5 µg/mL, respectively. After 15 min, the concentration of 
ABTS
* 
was measured by using a microplate reader (TECAN, Switzerland). 
The extinction coefficient of ABTS
*







was used to determine the concentration of ABTS
* 
[204]. Each experiment 
was performed in 96-well plate, and the average values were reported. 
Corresponding standard deviation (SD) values were indicated as error bars in 
the figures. 
 
7.2.4 Characterization of combi-CLEA  
Images of combi-CLEA were taken by using a Scanning Electron Microscope 
(SEM) (JSM 5600LV) operated at 16 kV. A droplet of combi-CLEA solution 
was dispensed on a polycarbonate track-etched membrane and dried in room 
temperature for 12 h. Then, it was washed with copious amount of DI water to 
remove salts and then freeze-dried for another 12 h. The sample was coated 
with platinum using a sputtering coater (JEOL, LFC-1300) prior to scanning. 
Particle size of combi-CLEA was measured by using Zetasizer manufactured 
by Malvern Instrument (U.K.) in a dynamic light scattering (DLS) mode. The 
wavelength of the laser was 633 nm and the power was 100 W. In each 
measurement, the sample was equilibrated for 60 s followed by 11 runs (each 
run was 10 s). Particle size was calculated by using software provided by the 
manufacturer. 
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7.2.5 Detection of glucose 
For detecting glucose in acetate buffer, combi-CLEA was added to 800 µL of 
acetate buffer (0.1 M, pH 4.5) containing glucose and ABTS. The final 
concentrations of GOx, HRP, and ABTS in the reaction mixture were 
maintained at 6.8 mU/mL, 6.5 mU/mL, and 9.1 mM, respectively. The final 
concentrations of glucose were varied from 0.0 to 27.8 mM. The mixture was 
incubated for 5 min at room temperature and the absorbance of the solution at 
420 nm was measured.  
A nylon membrane was stuck to a piece of tape with 6-mm punched holes on 
it. Twenty microliters of combi-CLEA solution were added to each well and 
then vacuum filtered through the membrane to trap combi-CLEA inside the 
membrane. To remove loosely bounded combi-CLEA, the membrane was 
rinsed with DI water and then dried with nitrogen gas. Next, another piece of 
tape was attached to the back of the membrane to minimize leakage. To detect 
glucose, a glucose solution (90 µL) was added to each well hosting combi-
CLEA. After 10 min of incubation, 70 µL of the solution was transferred from 
each well to a 96-well microplate. The absorbance of ABTS
*
 at 420 nm was 
measured by using a microplate reader. To test the reusability of the 
membrane, the membrane was washed thoroughly with 10 mL of DI water 
after the first use and dried with nitrogen gas. Then, the membranes were 
stored at 4 ℃ for an hour before reused. 
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7.3. Results and discussions 
7.3.1 Effect of catalase on hydrogen peroxide in a cascade reaction 
The cascade reaction used in this study consisted of two sequential reactions 
as shown below: 
22
GOx
2 OH + lactone--glucono-D  O + Glucose   (7.2) 
OH O + ABTS  OH+ ABTS 22
*HRP
22     (7.3) 
The first reaction (catalyzed by GOx) produced hydrogen peroxide, which was 
used as an oxidant to oxidize ABTS to ABTS
*
 in the second reaction 
(catalyzed by HRP). However, in the presence of a third enzyme, catalase, 
hydrogen peroxide decomposed quickly to oxygen and water as shown below 
[227, 228]. 
   OH O   OH 22
Catalase
22       (7.4) 
 
 
Scheme 7.1. (a) GOx and HRP catalyze a cascade reaction in which hydrogen 
peroxide is produced as an intermediate. (b) In the presence of catalase (CAT), 
hydrogen peroxide decomposes before reaching HRP. (c) GOx and HRP co-
immobilized as combi-CLEA prevent the decomposition of hydrogen peroxide 
by CAT.  
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Competition for hydrogen peroxide between HRP and catalase in the reaction 
system was illustrated in Scheme 7.1. To test the effect of catalase on slowing 
down the formation rate of ABTS
*
 in the second reaction, 1.3 mU/mL catalase 
was added to a solution containing free GOx (9.0 mU/mL) and HRP (6.5 
mU/mL). Figure 7.1b shows that in the presence of catalase, the green color 
of ABTS
*
 was much lighter than that without catalase (Figure 7.1a). This 
result suggests that catalase decomposed hydrogen peroxide in the solution, 




Figure 7.1. (a, b) Addition of catalase (1.3 mU/mL) to free GOx/HRP mixture 
reduced hydrogen peroxide concentration, leading to a lower ABTS
*
 
concentration with a light green color (c, d). Catalase had no effect on the final 
ABTS
*
 concentration when combi-CLEA of GOx and HRP was used as 
catalysts. 
Figure 7.2a shows the evolution of ABTS
*
 concentration at different catalase 
concentrations. When the concentration of catalase was increased, ABTS
*
 
concentration decreased accordingly, confirming that the decomposition of 
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hydrogen peroxide catalyzed by catalase was responsible for slowing down the 
oxidation of ABTS to ABTS
*
 in the second reaction. As shown in Figure 
7.2b, the formation rate of ABTS
*
 decreased to 4.6 ± 0.2 µM/min when 1.3 
mU/mL of catalase was added to the reaction mixture. By increasing the 
amount of catalase to 6.3 mU/mL, the formation rate of ABTS
*
 further 
decreased to 0.6 ± 0.02 µM/min. At this concentration, catalase decomposed 
almost all hydrogen peroxide molecules and inhibited the formation of ABTS
*
 
in the cascade reaction.  


























Time (min)  


















Figure 7.2. (a) Effect of catalase concentration on the final ABTS
*
 
concentration in the cascade reaction catalyzed by free GOx and HRP mixture 
in phosphate buffer. Catalase concentrations were 0 mU/mL (square), 0.63 
mU/mL (circle), 1.3 mU/mL (triangle), 3.1 mU/mL (diamond) and 6.3 
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mU/mL (cross) (b) Formation rate of ABTS
*
 at different catalase 
concentrations (n = 20, SD ≤ 5%). 
 
7.3.2 Formation of combi-CLEA of GOx and HRP 
To prevent the decomposition of hydrogen peroxide mentioned above, a 
solution is to co-immobilize GOx and HRP together as combi-CLEA by using 
a coaxial millifluidic reactor. Flow rates of an enzyme solution (6.8 U/mL of 
GOx and 6.5 U/mL of HRP) and an organic solvent were fixed at 20 µL/min. 
As shown in Figure 7.3a, the combi-CLEA of GOx and HRP prepared using 
millifluidic reactors is uniform with an average size around 250 nm. The dried 
combi-CLEA particles have a donut shape under SEM (Figure 7.3b). We 
proposed that the original combi-CLEA particles are hollow spheres, and their 
skin collapsed during the vacuum drying process [206, 229], leading to a 
donut-like shape in Figure 7.3b. The hollow structure was probably caused by 
the rapid precipitation of enzyme molecules and a short cross-linking time 
(due to a short residence time) [230]. 
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Figure 7.3. (a) Size distributions and (b) FESEM micrograph of combi-CLEA 
on track-etched membrane. 
 
Unlike CLEA of a single enzyme, combi-CLEA contains two enzymes which 
catalyze the first and second reaction in the cascade reaction, respectively. 
Therefore, the ratio of the two enzymes is an important parameter that 
determines the overall reaction rate of the cascade reaction. If HRP is in 
excess, then the overall reaction rate is limited by the first reaction catalyzed 
by GOx. On the other hand, if GOx is in excess, then the accumulation of 
hydrogen peroxide is expected, and the overall reaction rate is limited by the 
second reaction catalyzed by HRP. Moreover, as shown in the literature, GOx 
activity is inhibited by hydrogen peroxide at a concentration higher than 5 mM 
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[222, 231]. To determine the optimal ratio of the two enzymes, the amount of 
HRP was fixed at 5 µg/mL, and the GOx/HRP weight ratio was varied from 1 
to 600 (weight ratio was used because we assumed that the enzyme activities 
in CLEA might be different from free enzymes). Subsequently, combi-CLEA 
of GOx/HRP was added to phosphate buffer containing glucose (100 mM) and 
ABTS (9.1 mM). Figure 7.4a show that the ABTS
*
 concentration increased 
monotonically with increasing GOx/HRP ratio until 150. It can be concluded 
from Figure 7.4a that when the GOx/HRP ratio was less than 150, the amount 
of HRP was in excess and the reaction rate was limited by the first reaction. 
Thus, adding more GOx led to an increase in the ABTS
*
 concentration. In 
contrast, when the GOx/HRP ratio was higher than 150, GOx was in excess, 
and the ABTS
*
 concentration only increased slightly, suggesting that the 
reaction was limited by the second reaction catalyzed by HRP. However, 
when the GOx/HRP ratio was higher than 400, a decline in the ABTS
*
 
concentration was observed. This might be due to the inhibition of GOx by 
hydrogen peroxide shown in the literature [23]. Based on the experimental 
results, an optimum ratio of 150 for GOx/HRP was chosen. Because specific 
enzyme activities of free GOx and HRP were 0.9 U/mg and 130.0 U/mg, 
respectively, this optimal ratio is equivalent to an activity ratio of 1.1, 
suggesting that GOx and HRP in the CLEA had similar activities as free 
enzymes. Under the optimal ratio, the reaction rate of the first reaction is the 
same as the second equation, and there is no accumulation of hydrogen 
peroxide. The number of laccase molecules in h-CLEA laccase particles was 
calculated. The diameters of GOx and HRP are ~14 nm [232] and 4 nm [233], 
respectively, we assumed that the thickness of combi-CLEA’s outer layer was 
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20% of its radius. The number of enzyme molecules per CLEA particle and on 
the surface of each particle were 3103 molecules and 900 molecules, 
respectively. 
As the amount of cross-linker affects the enzyme activity and stability of the 
combi-CLEA, it is necessary to optimize the glutaraldehyde concentration 
used. In this experiment, the glutaraldehyde concentration was varied from 
62.5 µM to 20 mM. The effect of glutaraldehyde concentration on the 
remaining activity and immobilization yield of combi-CLEAs were presented 
in Figure 7.4b. When the glutaraldehyde concentration was 0.5 mM or higher, 
the immobilization yield (η) was 100%, and there was no enzyme found in the 
filtrate solution. This result suggests that 0.5 mM of glutaraldehyde is 
sufficient to cross-link combi-CLEA within 15.6 s (residence time in the 
millifluidic reactor). However, the short residence time suggests that the 
spherical combi-CLEA particles only consisted of a thin crust of cross-linked 
enzymes on the outer surface and a hollow core. Thanks to the hollow 
structure, the activity of the combi-CLEA only decreased slightly to 96.5 ± 
2.6% compared to free enzymes (Figure 7.4b). In contrast, when the 
glutaraldehyde concentration was lower, the immobilization yield decreased 
with decreasing glutaraldehyde concentration. This is due to the lower extent 
of cross-linking which causes the formation of less stable combi-CLEA. On 
the other hand, when the glutaraldehyde concentration was too high, enzymes 
were deactivated due to the loss of enzyme flexibility and excess cross-
linking. Based on the result, the glutaraldehyde concentration was fixed at 0.5 
mM for subsequent experiments. 
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Figure 7.4. (a) Effect of GOx/HRP ratio on the formation of ABTS
*
. (b) 
Effect of glutaraldehyde concentration on the remaining activity of combi-
CLEA of GOx and HRP. The concentration of HRP was fixed at 5 µg/mL (n = 
20). 
 
7.3.3 Effect of catalase on combi-CLEA of GOx-HRP’s cascade reaction 
To test the performance of combi-CLEA in the presence of catalase, different 
amounts of catalase (0.0 – 6.3 mU/mL) were added to the reaction mixture. 
Because GOx and HRP were co-immobilized together, we proposed that even 
in the presence of catalase, hydrogen peroxide produced by GOx can be 
consumed immediately by HRP without diffusing to the bulk as shown in 
Scheme 7.1c.  
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Figure 7.5. (a) Effect of catalase on the ABTS* concentration in the cascade 
reaction catalyzed by using free GOx and HRP mixture in phosphate buffer. 
Catalase concentrations were 0 mU/mL (square), 0.63 mU/mL (circle), 1.3 
mU/mL (triangle), 3.1 mU/mL (diamond) and 6.3 mU/mL (cross). (b) Initial 
reaction rates at different catalase concentrations. (n = 20, SD ≤ 5%). 
 
As expected, after the addition of catalase (1.3 mU/mL), there was no obvious 
change in the green color as shown in Figure 7.1c and d, suggesting that 
hydrogen peroxide was not decomposed even in the presence of catalase. This 
is very different from Figure 7.1a in which free GOx and HRP were used. 
Figure 7.5a shows the evolution of ABTS
*
 concentration as a function of 
time. In the absence of catalase, the overall reaction rate was 10.2 ± 0.5 
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µM/min. In the presence of 1.3 mU/mL catalase, the overall reaction rate only 
decreased slightly to 9.1 ± 0.4 µM/min. When the catalase concentration was 
increased to 6.3 mU/mL, the reaction rate further decreased to 8.3 ± 0.3 
µM/min, or 18.7 ± 1.1 % of the original rate in the absence of catalase. Due to 
the short distance between GOx and HRP in combi-CLEA, diffusion of 
hydrogen peroxide was very fast between GOx and HRP. Hence, co-
immobilizing GOx and HRP in combi-CLEA is an effective strategy to 
prevent the decomposition of hydrogen peroxide in a complex reaction 
environment [218]. 
 
7.3.4 Kinetic studies 
At the optimized GOx/HRP ratio (150:1), the consumption rate of hydrogen 
peroxide equalled to the production rate of hydrogen peroxide. In this case, the 
cascade reaction can be considered as a single reaction following Michaelis–









    (7.5) 
where v is the reaction rate, Km is the Michaelis constant, kcat in turnover 
number, [E] and [S] are the enzyme and substrate concentrations, respectively. 
The Michaelis constant Km and the maximum rate constant vmax were 
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Figure 7.6. (a) Reaction rates of free (square) and combi-CLEA (circle) of 
GOx and HRP. (b) The Lineweaver–Burk plot for free (square) and combi-
CLEA (circle) of GOx and HRP. Glucose was used as a substrate [S], and the 
concentration of ABTS was fixed at 9.1 mM (n = 20, SD ≤ 5%). 
 
Table 7.1. Kinetic data for free enzymes and combi-CLEA  











Glucose Free 19.3±0.09 15.6 ± 0.09 5.6 0.29 
 Combi-CLEA 12.4± 0.03 15.8 ± 0.05 5.6 0.42 
 
The apparent Km and the apparent vmax values of combi-CLEA of GOx and 
HRP were obtained by using glucose and ABTS as substrates. For 
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comparison, free enzyme mixtures of GOx and HRP at the same ratio were 
also used. In the kinetic study, the glucose concentration was varied from 0.6 – 
166.7 mM and the ABTS concentration was fixed at 9.1 mM. Figure 7.6 
showed the overall reaction rate and the Lineweaver–Burk plots of combi-
CLEA and free enzymes at different substrate concentrations. From equation 
7.6, apparent Km, Vmax and kcat of combi-CLEA and free enzymes mixture were 
found and summarized in Table 7.1. The apparent Km value of combi-CLEA 
(12.4 ± 0.03 mM) was lower than free enzymes (19.3 ± 0.09 mM). The 
apparent Vmax value of combi-CLEA was 15.8 ± 0.05 µM/min, which is close 
to that of free enzyme (15.6 ± 0.09 µM/min). Moreover, the catalytic 
efficiency (kcat/Km) of combi-CLEA was 1.47 time higher than free enzymes. 
As shown in Figure 7.6 and Table 7.1, using combi-CLEA as a catalyst 
generally led to a slightly higher reaction rate than free enzymes, especially 
when the glucose concentration was less than the Km value (~12.4 mM). Thus, 
these results indicated a more efficient glucose uptake by combi-CLEA. This 
phenomenon can be attributed to two factors. The first one was in-situ 
hydrogen peroxide consumption by HRP inside the combi-CLEA particles. 
Fast mass transfer of hydrogen peroxide led to an increase in the overall 
reaction rate. The second factor was the inhibition of GOx by hydrogen 
peroxide was prevented due to the immediate consumption of hydrogen 
peroxide [234, 235]. It also led to a faster reaction rate.  
 
7.3.5 Detecting glucose by combi-CLEA 
Because the cascade reaction used in this study can be used as a colorimetric 
assay to detect glucose, combi-CLEA containing GOx and HRP was mixed 
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with glucose solutions at different concentrations and incubated for 5 min. 
Figure 7a shows the absorbance of the solution as a function of glucose 
concentration. It can be seen that there was a good linear relationship between 
the glucose concentration and absorbance up to 11.1 mM. Beyond the 
concentration of 11.1 mM, deviation of absorbance from the linear 
relationship was observed.  
Moreover, unlike free enzymes, the combi-CLEA of GOx and HRP can be 
immobilized on the surface of the membrane and used as a heterogeneous 
assay for detecting glucose. The result of heterogeneous glucose assay was 
shown in Figure 7b. The value of absorbance increased with increasing 
glucose concentration until the highest absorbance was reached. As shown in 
Figure 7b, a calibration curve for the glucose concentration showed a linear 
range up to 27.8 mM with a correlation coefficient of 0.99. The linear range 
for glucose concentration was wider in this system, probably because of the 
lower reaction rate in the heterogeneous reaction. Another advantage of the 
heterogeneous assay is that it can be reused multiple times. After each assay, 
the membrane was washed and reused for detecting glucose. The correlation 
coefficient only decreased slightly to 0.99 and 0.94 in the second and third 
cycle, respectively. The decrease in the correlation coefficient can be either 
due to the leaching of combi-CLEAs during washing and drying or inhibition 
of enzymes during the process. 
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Figure 7.7. Detecting glucose by using combi-CLEA in (a) homogeneous 
assays and (b) heterogeneous assays with immobilized combi-CLEA on the 
membrane. (n = 40, SD ≤ 7%) 
 
7.4. Conclusion 
In this study, we demonstrated the formation of uniform combi-CLEA through 
the employment of millifluidic reactors. Application of combi-CLEA as a 
catalyst prevented the decomposition of hydrogen peroxide by catalase, and 
increased the overall reaction rate. Because the combi-CLEA particles were 
hollow spheres with a uniform size, they exhibited an activity comparable to 
free enzymes. Based on the cascade reaction catalyzed by combi-CLEA, 
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colorimetric glucose assays were developed. In the homogenous assay, 
glucose can be accurately detected up to 11.1 mM whereas in the 
heterogeneous assay, the linear range can reach up to 27.8 mM.  
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CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS 
 
8.1 Conclusions 
Uniform cross-linked enzyme aggregates (CLEAs) were prepared by using 
millifluidic reactors with two coaxial flows. This method was successfully 
applied to immobilize cellulase, laccase, and mixtures of glucose oxidase and 
horseradish peroxidase as CLEAs with a size ranging from 200 to 400 nm. 
After purification, CLEAs can be used alone or immobilized inside 
membranes as catalysts for various chemical reactions, such as hydrolysis of 
cellulose, degradation of azo dye and detection of glucose. CLEAs also 
showed higher activities than free enzymes at high temperature and pH. 
In Chapter 3, cross-linked cellulase aggregates (XCA) colloids were prepared 
by using a Y-shape millifluidic reactor. Because of their small size, XCA 
colloids were collected on silica gel as a practical biocatalyst for hydrolysis of 
CMC. This new type of biocatalyst had an activity similar to free cellulase, but 
it was more stable than free enzyme at high temperature and pH. Moreover, 
they are insoluble in water such that they can also be recycled and reused 
several times during hydrolysis. However, desorption of XCA from the silica 
gel led to a gradual decrease in the cellulase activity. Two immobilization 
methods were developed to overcome this problem. In the first method, XCA 
colloids were trapped inside a membrane by filtering the XCA solution 
through the membrane. In the second method, XCA colloids were 
encapsulated in alginate beads as practical biocatalysts. Both immobilization 
methods showed good operational and storage stability during the hydrolysis 
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of CMC. No leaching of XCA was observed, and activity recovery was close 
to 86%.  
In Chapter 6, we prepared uniform CLEA laccase by using a millifluidic 
reactor with two coaxial flows, an enzyme solution, and an organic solvent. 
Glutaraldehyde was added to the organic solvent to allow simultaneous 
precipitation and cross-linking of laccase in the millifluidic reactor. CLEA 
laccase prepared in this manner showed higher activity than free laccase at 
high temperature and pH. The unique feature of CLEA laccase was attributed 
to its uniform size, porous structure and biconcave shapes which can only be 
obtained by using the coaxial flow millifluidic reactor. CLEA laccase was 
successfully used as a biocatalyst for continuous degradation of trypan blue in 
a wide range of pH (2 – 10). 
Finally, uniform combi-CLEA of GOx and HRP was prepared by employing a 
millifluidic reactor with two coaxial flows. Application of combi-CLEA as a 
catalyst prevented the decomposition of hydrogen peroxide catalyzed by 
catalase and increased the overall reaction rate. Uniform combi-CLEA was 
spherical and highly porous; they exhibited high activity comparable to free 
enzymes in the absence of catalase. Based on the cascade reaction catalyzed 
by combi-CLEA, colorimetric glucose assays were developed. Glucose can be 
accurately detected up to 11.1 mM in the homogenous assay and 27.8 mM in 
the heterogeneous assay. 
In this thesis, the millifluidic reactors were applied for preparing CLEAs as 
organic nanoparticles for the first time. By using the Y-shape millifluidic 
reactor, CLEA cellulase can be easily prepared and the uniform CLEA 
cellulase was obtained. The parameters of the formation process were 
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precisely controlled and the effects of the parameters to the CLEAs properties 
were reflexed through the particle size and enzyme activities. By controlling 
the size of CLEA in the submicron-scale, CLEA cellulase was effectively 
applied as bio-catalyst for continuous hydrolysis of CMC with higher activity 
than that of batch process. CLEA cellulase was entrapped in alginate beads for 
limiting the enzyme leaching and CLEA cellulase in alginate was used as 
practical catalyst for hydrolysis of several cellulosic substrates. Moreover, 
applications of the coaxial flow millifluidic reactor for preparing CLEA of 
laccase and GOx-HRP were first reported. Thanks to the rapid precipitation of 
enzyme aggregates at the water/acetonitrile interface, hollow CLEA particles, 
which are distinctly different from CLEA laccase obtained from batch 
processes, were successfully prepared. The formation mechanism of hollow-
CLEA laccase was investigated and discussed in details. Because of their 
uniform sizes, h-CLEA laccase can be trapped in a membrane for continuous 
degradation of trypan blue up to 96 h without losing any activity. In the fifth 
project, the formation of hollow combi-CLEA of GOx-HRP was reported. 
Combi-CLEA of GOx and HRP were able to catalyse the cascade reaction 
more efficiency due to the close proximity of the two enzymes. The optimized 
combi-CLEA and the cascade reaction were employed to develop 
homogenous and heterogeneous glucose assays for glucose detection.  
Overall, we have developed the millifluidic reactors for immobilizing several 
enzymes by applying CLEA technique. These immobilized enzymes can be 
used as biocatalyst for various chemical reactions with unique characteristics. 
The summary of this entire thesis can be found in Table 8.1. 
 
  Chapter 8 
139 
 





Properties of CLEA particles Collecting 
methods 
Collection and usage 
Cellulase Y-shape Hydrolysis of 
cellulose 
- Uniform size and spherical shape. 
- Precisely controlled between 200 and 
400 nm.  
- Retained 86% of free cellulase’s 
activity. 
- Stable than free enzyme at high 
temperature and pH. 
- Eliminating the leaching of enzyme 
from PES membrane hydrogel beads. 
- Good biocatalysts for hydrolysis of 




- Can be reused for 5 cycles 
- Desorption from silica gel caused 
losing of enzyme activity. 
Membrane 
(Filtration) 
- Higher activity than traditional 
batch processes. 
- Higher stability during long-term 




- Can be reused up to 10 cycles. 
- Higher thermal stability than free 
enzymes. 





- Hollow structure with uniform size. 
- Better stability than free enzyme at 
higher pH. 
- h-CLEA laccase has a comparable 
activity to free laccase 
Membrane 
(Filtration) 
- Used as a biocatalyst for complete 
degradation of trypan blue both in 
batch and continuous modes in a 







- Hollow structure with uniform size. 
- Higher catalytic efficiency than free 
enzymes. 
- Degradation of reaction intermediate 





- Accurately detected up to 11.1 mM 
whereas, in the heterogeneous 
assay, the linear range can reach up 
to 27.8 mM 




8.2.1 Preparation of CLEAs using crude enzymes 
One advantage of CLEA is that the purification and immobilization can be 
combined in one step such that crude enzymes, instead of pure enzymes, can 
be used. However, this useful feature was not explored in the thesis. In the 
future, CLEAs of enzymes can be prepared directly from culture media of 
Clostridium beijerinckii G117 and Candida rugosa. The former is known to 
excrete xylanase whereas the latter is known to excrete lipase. Culture media 
can be infused into the coaxial flow millifluidic reactor developed in this study 
to prepare combi-CLEA of xylanase and lipase. The combi-CLEA can be 
immobilized in alginate beads as solid catalysts and mixed with Clostridium 
beijerinckii G117 for simultaneous fermentation and esterification (SFE) to 
produce butyl butyrate [236] in a reactor shown in Figure 8.1. 
 
Figure 8.1. (a) Co-immobilization of combi-CLEA of xylanase and lipase in 
alginate beads and (b) Producing butyl butyrate by using combi-CLEA and 
Clostridium beijerinckii G117 in SFE process 
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In this reactor, xylan will be hydrolyzed to reducing sugars by combi-CLEA, 
followed by the simultaneous fermentation and esterification by Clostridium 
beijerinckii G117 and lipase in the combi-CLEA. Butyl butyrate will be 
formed and collected in the organic phase. 
 
8.2.2 Cross-linked laccase aggregate as enzyme sensors for phenolic 
compounds in wastewater 
Phenolic compounds are highly toxic compounds which can be found in 
industrial wastewater [237]. These compounds can be detected by using 
colorimetric methods, gas chromatography or liquid chromatography. 
However, these methods required expensive instrumentation and are time-
consuming [238]. In Chapter 7, combi-CLEAs of GOx and HRP were used for 
detecting glucose in a heterogeneous assay. Thus, this idea can also be applied 
to detection of phenolic compounds in water. In literature, tyrosinase, laccase, 
and HRP are widely used in enzyme-based biosensors for detecting various 
types of phenolic compounds. Freire et al. reported the immobilization of 
tyrosinase and laccase on a membrane surface for detecting phenolic 
compounds. Yu el at reported the detection of phenol by using tyrosinase 
entrapped in titania sol-gel membrane [239]. The porous structure of 
membrane reduced mass transfer limitation, and the leakage of the enzyme 
was prevented. However, the morphology of immobilized tyrosinase and 
laccase were not reported [239, 240]. In the future, uniform CLEA of laccase, 
tyrosinase, and HRP with a well-defined morphology can be trapped inside the 
membrane to offer better sensing performance. Moreover, by combining 
laccase, tyrosinase in combi-CLEA, the dual enzymes biosensor can be used 
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for detecting other phenolic compounds with a better response and a lower 
detection limit. A possible Polydimethylsiloxane (PDMS) chip for detecting 
phenolic compounds by using CLEAs in the membrane is shown in Figure 
8.2.  
 
Figure 8.2. A chip-based enzyme biosensor for detecting phenolic compounds 
using entrapped CLEAs in the membrane. 
 
8.2.3 Cross-linked laccase for eliminating phenolic compounds in 
wastewater 
In recent years, there has been a growing interest in utilizing enzymes, 
especially oxidoreductase enzymes in wastewater treatment. Oxidoreductase 
enzymes such as lignin peroxidase, manganese peroxidase, and laccase are 
potentially useful for oxidizing recalcitrant pollutants such as dyes, endocrine 
disruptors, aromatic compounds and antibiotics [52]. Recent studies showed 
that laccase could be used to remove organic micropollutants such as 
pharmaceutically active compounds (PhACs) at trace level [241, 242]. As 
shown in Chapter 6, CLEA laccase with higher activity and better stability can 
be prepared by using a millifluidic reactor. Hence, we proposed that CLEA 
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laccase can be used as a catalyst for removing PhACs in a batch or continuous 
process. Immobilized CLEA laccase in alginate beads can be utilized for 
eliminating phenolic compounds in pack bed reactors or stir-tank reactors. By 
in situ removing remaining mediators will minimize theirs adverse effects on 
laccase activity. The schematic of pack beads reactor or fluidized bed reactor 
for removing phenolic compounds by using CLEA laccase is shown in Figure 
8.3. 
 
Figure 8.3. Schematic of (a) packed bed reactor or (b) fluidized bed reactor 
with CLEA laccase in alginate beads for eliminating phenolic compounds.
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